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A B S T R A C T
The d e f i n i t i o n s  and  t y p e s  o f  m easurem ent  o f  h a r d n e s s  a r e  
r e v i e w e d  w i t h  s p e c i a l  r e f e r e n c e  to  t h e  s t a t i c  i n d e n t a t i o n  
t e s t .  The p r e s e n t  s t a t e  o f  t h e  t h e o r y  o f  s t a t i c  i n d e n t a t i o n  
h a r d n e s s  t e s t i n g  o f  m e t a l s  i s  d e s c r i b e d ,  t o g e t h e r  w i th  
p r e v i o u s  m easurem en ts  o f  t h e  d i s t o r t i o n s  o f  m e ta l  s u r f a c e s  
c a u s e d  by  i n d e n t i n g .  M u l t i p l e  beam i n t e r f e r o m e t r y  i s  
em ployed to  m easu re  t h e  s u r f a c e  d i s t o r t i o n s .  The a p p a r a t u s  
an d  t e c h n i q u e s  employed,  which  i n c l u d e  t h e  a p p l i c a t i o n  o f  
m u l t i l a y e r  d i e l e c t r i c  f i l m s  to  t h e  i n t e r f e r o m e t r i c  s t u d y  o f  
m e ta l  s u r f a c e s ,  a r e  d e s c r i b e d .
The s p e c i f i c  a s p e c t s  o f  t h e  s u r f a c e  d i s t o r t i o n s  s t u d i e d
a r e :  -
(1 )  Flow p a t t e r n  sh a p e ,  w i th  s p e c i a l  r e f e r e n c e  to  t h e
t r a n s i t i o n  f ro m  r i d g i n g  to  s i n k i n g  i m p r e s s i o n s ,  
and  v a r i a t i o n s  due to  t h e  g e o m e t r i c  shape  o f  th e  
i n d e n t a t i o n .
(2)  Volume o f  t h e  f lo w  p a t t e r n .  T h i s  i s  f o u n d  to  be
s m a l l e r  th a n  t h e  volume o f  t h e  i n d e n t a t i o n  f o r  
a l l  t h e  i n d e n t a t i o n s  s t u d i e d .  P o s s i b l e  
e x p l a n a t i o n s  o f  t h i s  d i s c r e p a n c y  a r e  d i s c u s s e d .
(3)  S h a l lo w in g  o r  e l a s t i c  r e c o v e r y  o f  b a l l  i n d e n t a t i o n s .
The s h a l l o w i n g  o f  b a l l  i n d e n t a t i o n s  i n  a  wide 
r a n g e  o f  m e t a l s  i s  s t u d i e d ,  and  i t s  v a r i a t i o n
w i t h  l o a d ,  h a r d n e s s ,  and  i n d e n t e r  i s  a n a l y s e d .
(4)  The shape  o f  r e c o v e r e d  b a l l  i n d e n t a t i o n s . Sha l low
b a l l  i n d e n t a t i o n s  a r e  f o u n d  to  be n o t  s t r i c t l y  
s p h e r i c a l ,  i n  c o n t r a s t  to  d e e p e r  b a l l  
i n d e n t a t i o n s .  M easu res  of  t h e i r  d e v i a t i o n  f ro m  
s p h e r i c i t y  a r e  p r o p o s e d  and  an e x p l a n a t i o n  o f  
t h e s e  d e v i a t i o n s  i s  d i s c u s s e d .
(5) C r i t i c a l  specim en s i z e .  The mode o f  d e f o r m a t i o n
o c c u r r i n g  when a h a r d n e s s  t e s t  i n d e n t a t i o n  i s  
made n e a r  t o  t h e  edge o f  t h e  spec im en  i s  s t u d i e d .  
The r e s u l t s  a r e  com pared  w i t h  t h e  mode o f  
d e f o r m a t i o n  f o r  wedge i n d e n t a t i o n s  i n  i d e a l  and 
r e a l  m e t a l s .
On t h e  b a s i s  o f  t h e  r e s u l t s  a  f u l l e r  d e s c r i p t i o n  o f  t h e  
p r o c e s s e s  i n v o l v e d  i n  b a l l  h a r d n e s s  t e s t s  i s  p o s s i b l e .  The 
s u r f a c e  d i s t o r t i o n s  f ro m  t h e  o n s e t  o f  p l a s t i c i t y  t o  t h e  f u l l y  
p l a s t i c  s t a g e  a r e  d e s c r i b e d  i n  d e t a i l ,  and  s u p p o r t  T a b o r ' s  
t h e o r y  o f  b a l l  i n d e n t a t i o n .  The t r e a t m e n t  o f  t h e  h a r d n e s s  
t e s t  a s  p r e d o m i n a n t l y  a  p ro b le m  i n  p l a s t i c i t y  i s  j u s t i f i e d .
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P A R T  1
HISTORICAL SURVEY.
GHAPTEtl 1 .
HÀrtDiNESS .
1 .1 DEFINITIONS AND mEASUREiviEiTTS.
E x p e r i e n c e  h a s  l e d  man to  c l a s s i f y  t n e  m a t e r i a l s  w i t h  
w h ich  ne comes i n t o  c o n t a c t  a s  s o l i d s ,  l i q u i d s  and  g a s e s .
The t r a n s i t i o n  between  s o l i d s  and  l i q u i d s  i s  n o t  s h a r p l y  
d e f i n e d  ou t  n e v e r t h e l e s s  t h e  c l a s s i f i c a t i o n  i s  a f u n d a i a e n t a l l y  
u s e f u l  o n e .  The n a t u r a l  s c i e n t i s t  s e e k s  to  t a b u l a t e  t h e  
p r o p e r t i e s  o f  t h e s e  t i i r e e  t y p e s  o f  m a t e r i a l  i n  o r d e r  to  e n a b le  
him to  g a i n  some fu n d a m e n ta l  knowledge a b o u t  them, an d  to  
make u s e  o f  them i n  t h e  most s a t i s f a c t o r y  m a n n e r . To t h i s  
end he h a s  d e f i n e u  g e n e r a l  c o n c e p t s ,  su c h  a s  d e n s i t y ,  and  
more s p e c i f i c  c o n c e p t s  s u c h  a s  r i g i d i t y  f o r  s o l i d s ,  s u r f a c e  
t e n s i o n  f o r  l i q u i d s  and d i f f u s i v i t y  f o r  g a s e s .  Under t h e  
h e a d i n g  o f  s p e c i f i c  c o n c e p t s  f o r  s o l i d s  come e l a s t i c i t y ,  
s p e c i f i c  h e a t ,  c o e f f i c i e n t  o f  e x p a n s io n ,  w h ic h  a r e  o f  i n t e r e s t  
a s  t h e y  f u r n i s h  i n f o r m a t i o n  a b o u t  t h e  s o l i d  s t a t e ,  and  y i e l d  
s t r e n g t h ,  b r i t t l e n e s s  and  h a r d n e s s  w h ich  a r e  o f  i n t e r e s t  i n  
t h e  u t i l i s a t i o n  o f  t h e  m a t e r i a l s .  The h a r d n e s s  o f  a  m a t e r i a l  
a c h i e v e d  im p o r t a n c e  a s  a  m easu re  o f  t h e  s u i t a b i l i t y  o f  t h e  
m a t e r i a l  f o r  a  p a r t i c u l a r  a p p l i c a t i o n .  When i t  became 
n e c e s s a r y  t o  m easure  h a r d n e s s  t h e  c o m p le x i ty  o f  t h e  c o n c e p t  
was r e v e a l e d .  The overw he lm ing  d i f f i c u l t y  e n c o u n t e r e d  i n  any  
d i s c u s s i o n  o r  d e f i n i t i o n  o f  h a r d n e s s  i s  t h a t  i t  i s  n o t  a  
f u n d a m e n ta l  p r o p e r t y  o f  t h e  m a t e r i a l  b u t  a  com plex  a g g r e g a t e
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o f  i t s  m eohan ioa l  p r o p e r t i e s .  A f u r t h e r  d i f f i c u l t y  i s  t h a t  
owing to  t h e  wide r a n g e  o f  a p p l i c a t i o n s  f o r  w h ich  h a r d n e s s  
d a t a  a r e  r e q u i r e d  a  number o f  d i f f e r e n t  h a r d n e s s  t e s t s  nave 
a r i s e n ,  none o f  wlhch m easu res  e x a c t l y  t h e  same t h i n g .
I n  norm al  c o n v e r s a t i o n  th e  te rm s  h a r d  and s o f t  may be 
a s c r i b e d  to  m a t e r i a l s  f o r  a wide v a r i e t y  o f  r e a s o n s .  For  
i n s t a n c e  a  m a t e r i a l  iiaight be te rm e d  h a r d  b ec a u se  i t  was 
r e s i s t a n t  to  w ear ,  or  c o u l d  n o t  be s c r a t c h e d  e a s i l y ,  o r  c o u l d  
n o t  be p e r m a n e n t ly  deform ed e a s i l y ,  o r  would s c r a t c h  most 
o t h e r  m a t e r i a l s .  These v a r i o u s  a s p e c t s  o f  t h e  q u a l i t y  w h ich  
i s  l o o s e l y  c a l l e d  h a r d n e s s  have a l l  g iv e n  r i s e  to  methods o f  
measurement, which l e d  L .B .  Tuckerman (I925 ) t o  r e g a r d  h a r d n e s s  
a s  "a  h a z i l y  c o n c e iv e d  c o n g lo m e ra t io n  o r  a g g r e g a t e  o f  p r o p e r t i e s  
o f  a m a t e r i a l  more or  l e s s  r e l a t e d  to  each other** whose 
a t t r i b u t e s  were  " r e s i s t a n c e  to  a b r a s i v e s ,  r e s i s t a n c e  to  
s c r a t c h i n g ,  r e s i s t a n c e  to  p l a s t i c  d e f o r m a t i o n ,  h i g h  modulus o f  
e l a s t i c i t y ,  h i g h  y i e l d  p o i n t ,  h i g h  s t r e n g t h ,  a b s e n c e  o f  e l a s t i c  
damping, b r i t t l e n e s s ,  l a c k  o f  d u c t i l i t y  and  m a l l e a b i l i t y ,  h ig h  
m e l t i n g  t e m p e r a t u r e s ,  m a g n e t i c  r e t e n t i v i t y ,  e t c . "  I t  i s  a l s o  
i m p o r t a n t  however,  n o t  to  l o s e  s i g h t  o f  t h e  v a l u e  o f  h a r d n e s s  
m easurem en ts  to  t h e  e n g i n e e r ,  m e t a l l u r g i s t ,  p h y s i c i s t  and 
m i n e r a l o g i s t ,  w he the r  i t  be f rom  a fu n d a m e n ta l  o r  an e m p i r i c a l  
v i e w p o i n t .
A l l  d e f i n i t i o n s  o f  h a r d n e s s  im p ly  a r e s i s t a n c e  to  
d e f o r m a t i o n ;  r e s i s t a n c e  to  s c r a t c h i n g ,  pe rm a n en t  d e f o r m a t io n
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an d  a b r a s i o n ,  a r e  employed a s  m e a su re s  o f  h a r d n e s s .  I t  w i l l  
be i n s t r u c t i v e  to  s u r v e y  t h e  main t y p e s  o f  h a r d n e s s  m e asu re ­
ment i n  some d e t a i l ,  u n d e r  t h e  h e a d i n g s  o f  s c r a t c h ,  i n d e n t a t i o n ,  
dynam ic ,  a b r a s i v e  and  m a g n e t i c  h a r d n e s s .
S c r a t c h  H a r d n e s s .
The m easurem ent  o f  h a r d n e s s  a s  t h e  a b i l i t y  o f  one m a t e r i a l  
to  s c r a t c h  a n o t h e r ,  o r  be s c r a t c h e d  by a n o t h e r ,  was p r o b a b l y  
t h e  e a r l i e s t  t y p e  o f  t e s t  em p lo y ed . I t  was d e v e lo p e d  by 
m i n e r a l o g i s t s  and  th e  f i r s t  name a s s o c i a t e d  w i t h  i t  i s  t h a t  o f  
Reaumur.  I n  1~]22 he p ro d u c e d  a  m e ta l  b a r  whose h a r d n e s s  
i n c r e a s e d  f rom  one end to  t h e  o t h e r .  The h a r d n e s s  was 
d e t e r m i n e d  by t h e  p o s i t i o n  on th e  oar  which  t h e  m e ta l  under  
t e s t  would j u s t  s c r a t c h .
Mons (1822) p u t  t h e  t e s t  on a  s e m i - q u a n t i t a t i v e  o a s i s  by 
i n t r o d u c i n g  t e n  m i n e r a l s  a s  s t a n d a r d s .  T hese  were numbered 
f ro m  one ( t a l c )  to  t e n  (diamond) and were ch o sen  so t h a t  ea ch  
one would s c r a t c h  a l l  t h o s e  below i t  i n  t h e  s c a l e .  T h is  
h a r d n e s s  s c a l e  h a s  been  an d  i s  w id e l y  u s e d  by m i n e r a l o g i s t s  
b u t  i s  n o t  s u i t a b l e  f o r  m e t a l s  a s  t h e  i n t e r v a l s  a r e  n o t  w e l l  
s p a c e d  i n  t h e  h i g h e r  r a n g e s  o f  h a r d n e s s .  The t e s t  i s  a l s o  
u n s a t i s f a c t o r y  i n  t h a t  i t  d ep e n d s  c r i t i c a l l y  and  unp r e d i c t a b l y  
on t h e  shape  o f  t h e  p o i n t  and  i t s  i n c l i n a t i o n  to  t h e  s u r f a c e  
u n d e r  t e s t .
A modern deve lopm ent  o f  s c r a t c h  h a r d n e s s  i s  t h e  m ic ro -  
c h a r a c t e r .  A s h a r p  diamond s t y l u s ,  u n d e r  a  d e f i n i t e  l o a d ,  i s
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drawn a c r o s s  t h e  s u r f a c e  u n d e r  t e s t ,  and  t h e  w i d t h  o f  t h e  
r e s u l t i n g  s c r a t c h  d e t e r m i n e s  t h e  h a r d n e s s .  T h i s  method i s  
o f  u se  i n  m e a s u r in g  t h e  change o f  h a r d n e s s  a c r o s s ,  f o r  i n s t a n c e ,  
a  g r a i n  b o u n d a ry ,  b u t  a s  t h e  a p p a r a t u s  i s  d i f f i c u l t  to  o p e r a t e  
and  th e  s c r a t c h i n g  p r o c e s s  d ep e n d s  i n  a  c o m p l i c a t e d  way on th e  
e l a s t i c ,  p l a s t i c  and f r i c t i o n a l  p r o p e r t i e s  o f  t h e  s u r f a c e ,  t h e  
t e s t  h a s  a c n i e v e d  no w i d e s p r e a d  u s e .
St a t i c  I n d e n t a t i o n  H a rd i ie s s .
The f i r s t  s t a t i c  i n d e n t a t i o n  h a r d n e s s  t e s t  was p e r fo rm e d  
by  Reaumur i n  1722 .  He a p p l i e d  p r e s s u r e  to  two t r i a n g u l a r  
p r i s m s  wnose a x e s  w ere  a t  r i g h t  a n g l e s  to  e a c h  o t h e r ,  and 
d e f i n e d  th e  i n d e n t a t i o n  n a r d n e s s  a s  t h e  e x t e n t  o f  t h e i r  m u tua l  
d e f o r m a t i o n .  P oepp l  and  Schwerd  ( I8 9 7 )  and  H aigh  ( I9 2 0 )  
f o l l o w e d  t h i s  ty p e  o f  t e s t .
S in c e  I9OO th e  s t a t i c  i n d e n t a t i o n  h a r d n e s s  h a s  been 
m e asu re d  by p r e s s i n g ,  u nder  known l o a d ,  a  h a r d  i n d e n t e r  i n t o  
t h e  f l a t  s u r f a c e  o f  t h e  t e s t  sp ec im en ,  and  m e a s u r in g  th e  s i z e  
o f  t h e  i m p r e s s i o n  p r o d u c e d .  S p h e r i c a l ,  c o n i c a l ,  o r  p y ra m id a l  
i n d e n t e r s  a r e  u s e d  and  a r e  made e i t h e r  o f  h a r d e n e d  s t e e l  or  
d iam ond .  The h a r d n e s s  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  l o a d  
e i t h e r  to  a  f u n c t i o n  o f  t h e  d i a iu e t e r  o f  t h e  i n d e n t a t i o n ,  o r  to  
a  f u n c t i o n  o f  i t s  d e p t h .  The h a r d n e s s  v a l u e s  so o b t a i n e d  
v a r y  w i t h  t h e  i n d e n t e r  and  th e  m ethod  o f  c a l c u l a t i o n .
V a r i o u s  e m p i r i c a l  c o n v e r s i o n s  f rom  one m ethod  o f  measurem ent 
t o  a n o t h e r  have been p r o p o s e d ,  none o f  w h ich  a r e  s a t i s f a c t o r y
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f o r  a l l  m a t e r i a l s .  The im portance o f  s t a t i c  in d e n t a t io n  t e s t s  
however l i e s  in  the f a c t  tn a t  th e y  a l l  depend m ain ly  on th e  
p l a s t i c  p r o p e r t i e s  o f  th e  m a te r ia l  and to  a l e s s e r  e x te n t  on 
th e  e l a s t i c  p r o p e r t i e s ,  arid so can be a n a ly se d  on a t h e o r e t i c a l  
b a s i s .
Dynamic H ardn ess .
In  c o n t r a s t  to  s t a t i c  in d e n t a t io n  h ardness we have dynamic 
h a r d n e s s .  In  the  s im p le s t  c a se  a nard in d e n te r  i s  dropped  
onto  the  s u r fa c e  to  be t e s t e a  and tn e  nardness i s  e x p r e s se d  in  
term s o f  th e  energy o f  im pact ana th e  s i z e  o f  the  in d e n t a t io n  
p rod u ced . (M arte l ,  I89 5 )  • A l t e r n a t i v e l y  th e  n ardness may 
be e x p r e s se d  in  terms o f  th e  h e ig h t  o f  rebound o f  th e  in d e n te r ,  
a s  in  th e  Shore S c le r o s c o p e  (S n ore , I9 I8 )  .
Dynamic hardness v a lu e s  v a ry  w itn  th e  d e f i n i t i o n  o f  
h ard n ess  ad op ted , and w itn  th e  v e l o c i t y  o f  im pact o f  tn e  
i n d e n t e r .  For most m a te r ia l s  th e  dynamic y i e l d  p r e s s u r e ,
( th e  r a t i o  o f  th e  energy  o f  im pact to the  volume o f  the  
in d e n t a t io n )  i s  s im i la r  in  v a lu e  to  the  s t a t i c  y i e l d  p ressu r e  
( th e  r a t i o  o f  the lo a d  to  th e  p r o j e c t e d  a r e a  o f  the  i n d e n t a t i o n ) .  
The dynamic y i e l d  p r e s su r e  i s  u s u a l ly  s l i g h t l y  la r g e r  than th e  
s t a t i c  y i e l d  p r e s su r e  a s  i t  i s  more dependent on th e  e l a s t i c  
p r o p e r t i e s  o f  th e  m a t e r ia l ,  w h i le  both  are  dependent on i t s  
p l a s t i c  p r o p e r t i e s .
In  c o n c lu s io n  o f  t h i s  s e c t io n  on dynamic h ard n ess  t e s t i n g  
th e  o p in io n s  o f  two e x p e r t s  are  o f  v a lu e .  R oudie ( I9 3 0 )
s t a t e d  th a t  ’e l a s t i c i t y  and h ard n ess  are  two in s e p a r a b le
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m a n i f e s t a t i o n s  o f  m o l e c u l a r  e n e rg y ,  w h ich  dynamic methods 
a l o n e  can d e f i n e  and m e a s u r e . "  On t h e  o t h e r  hand ,  E .  Meyer, 
whose work on i n d e n t a t i o n  h a r d n e s s  i s  u n i v e r s a l l y  a c c la im e d ,  
was o f  t h e  c o n v i c t i o n  t h a t  dynamic e f f e c t s  s h o u ld  be e l i m i n a t e d  
f ro m  t h e  c o n c e p t  o f  i n d e n t a t i o n  h a r d n e s s .
A b r a s i v e  H a r d n e s s .
The r e s i s t a n c e  o f  a  m a t e r i a l  t o  m e c h a n ic a l  wear i s  
d e f i n e d  a s  a b r a s i v e  h a r d n e s s .  An o b v io u s  method o f  m easurement 
i s  t h e  amount o f  m a t e r i a l  removed from  t h e  s u r f a c e  u n d e r  
s p e c i f i e d  e x p e r i m e n t a l  c o n d i t i o n s .  A knowledge o f  t h e  
r e s i s t a n c e  to  m e c h a n ic a l  wear o f  m a t e r i a l s  i s  o f  im p o r ta n c e  i n  
a  l a r g e  numoer o f  a p p l i c a t i o n s ,  an d  t h e r e  a r e  a s  many methods 
o f  m easurem ent  o f  a b r a s i v e  h a r d n e s s  a s  t h e r e  a r e  i m p o r t a n t  
a p p l i c a t i o n s .
A b ra s io n  between  s u r f a c e s  depends  on f a c t o r s  su ch  a s  t h e  
c o e f f i c i e n t  o f  f r i c t i o n ,  s u r f a c e  c o n d i t i o n s ,  t e s t i n g  speed  
and  c o l d  w o rk in g ,  a p a r t  f ro m  t h e  o b v io u s  e x p e r i m e n t a l  m ethod .
I t  i s  t h u s  to  be e x p e c t e d  t h a t  m easurem en ts  o f  a b r a s i v e  h a r d n e s s  
made u n d e r  d i f f e r e n t  c o n d i t i o n s  w i l l  n o t  be co m p a ra b le ,  and 
t h i s  i s  borne  o u t  i n  p r a c t i c e .  I t  i s  q u i t e  i m p o s s i b l e  to  
d e f i n e  a  method o f  m e a s u r in g  a b r a s i v e  h a r d n e s s  w h icn  w i l l  be 
s u i t a b l e  f o r  a l l  t h e  p r a c t i c a l  a p p l i c a t i o n s  f o r  win.on such  a 
q u a n t i t y  i s  r e q u i r e d .  I t  i s  e q u a l l y  i m p o s s i b l e  t o  g iv e  a 
t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  t h e  f a c t o r s  i n v o l v e d  i n  an 
a b r a s i v e  n a r d n e s s  t e s t .  T h i s  t y p e  o f  t e s t  i s ,  h o w ev e r ,
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u s e f u l  i n  c e r t a i n  r e s t r i c t e d  f i e l d s  o f  p u re  s c i e n t i f i c  s tu d y ;  
one  su ch  i s  th e  d i r e c t i o n a l  a b r a s i v e  r e s i s t a n t  p r o p e r t i e s  o f  
d iam ond .
Ma g n e t i c  H a r d n e s s .
I t  i s  a  m a t t e r  o f  no sm a l l  i n t e r e s t  o r  im p o r ta n c e  t h a t  
t h e r e  i s  a  d i r e c t  c o r r e s p o n d e n c e  between  t h e  m a g n e t i c  and  
m e c h a n ic a l  h a r d n e s s  o f  f e r r o m a g n e t i c  m a t e r i a l s .  Such 
m a t e r i a l s  w i t h  a  l a r g e  m a g n e t i c  c o e r c i v e  f o r c e  a r e  fo u n d  to  
be m e c h a n i c a l l y  h a r d ;  and  i f  t h e y  a r e  s u b s e q u e n t l y  e i t h e r  h e a t  
t r e a t e d  o r  m e c h a n i c a l l y  defo rm ed  so t h a t  t h e  c o e r c i v e  f o r c e  i s  
ch a n g ed ,  t h e  m e c h a n ic a l  h a r d n e s s  i s  changed  i n  t h e  same s e n s e .  
M a g n e t ic  t e s t s  on t h e s e  m a t e r i a l s  p r o v id e  a  n o n - d e s t r u c t i v e  
t y p e  o f  h a r d n e s s  t e s t  w h ich  may be v e r y  v a l u a b l e .  The r e a s o n  
f o r  t h i s  c o r r e l a t i o n  be tw een  m e c h a n ic a l  and  m a g n e t i c  p r o p e r t i e s  
i s  n o t  known, and  i s ,  t h e  p r e s e n t  a u t h o r  f e e l s ,  n o t  l i k e l y  to  
be d i s c o v e r e d  u n t i l  much more i s  known a b o u t  how and  v/hy t h e  
s t r u c t u r e  and  c o m p o s i t io n  o f  m e t a l s  a f f e c t s  t h e i r  m e c h a n ic a l  
and  m a g n e t i c  p r o p e r t i e s .
T h e re  seems to  be some c o r r e l a t i o n  be tw een  e l e c t r i c a l  
r e s i s t a n c e  an d  h a r d n e s s ,  a s  t h e y  b o th  i n c r e a s e  i f  t h e  m a t e r i a l  
i s  m e c h a n i c a l l y  d e f o r m e d . The r e l a t i o n s h i p  i s  however 
f o r t u i t o u s  a s  r a i s i n g  t h e  t e m p e r a t u r e  d e s t r o y s  t h e  a g r e e m e n t .
The above su rv ey  o f  h a r d n e s s  m easu rem en ts  s e r v e s  to  
i l l u s t r a t e  t h e  r a n g e  o f  p r o p e r t i e s  wirlch compounded i n  nany  
d i f f e r e n t  ways a r e  r e f e r r e d  t o  a s  h a r d n e s s .  F u r t h e r
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o o m p l i o a t i o n s  a r i s e  however when one o o n s i d e r s  t h e  s t r u c t u r e  
o f  t h e  m a t e r i a l  under  t e s t .  I t  may be c r y s t a l l i n e  o r  
am orphous ,  i s o t r o p i c  o r  a n i s o t r o p i c ,  a l l  o f  w h ich  p o s s i b i l i t i e s  
r a i s e  new q u e s t i o n s  o f  i n t e r p r e t a t i o n .  In  t h e  p r e s e n t  work 
th e  d i s c u s s i o n  w i l l  be l i m i t e d  to  p o l y c r y s t a l l i n e  m e t a l s ,  
w h ich  a r e  assumed to  be i s o t r o p i c .
Wnen r e f e r e n c e  i s  made i n  s c i e n t i f i c  l i t e r a t u r e  to  
h a r d n e s s ,  s t a t i c  i n d e n t a t i o n  h a r d n e s s  i s  i m p l i e d ,  u n l e s s  i t  
i s  o t h e r w i s e  s p e c i f i e d ,  a s  t n i s  h a s  become t h e  most w id e l y  
u s e d  t y p e  o f  t e s t .  T h i s  i s  due to  t h e  f a c t  t i i a t  i t  h as  t h e  
a d v a n t a g e s  o f  sp e ed ,  a c c u r a c y  and  s i m p l i c i t y  to  a  g r e a t e r  
d e g re e  th a n  t h e  o t h e r  t y p e s  o f  t e s t .
I t  h a s  t n u s  oecome i n c r e a s i n g l y  i m p o r t a n t  to  have some 
knowledge o f  t h e  p r o c e s s e s  i n v o l v e d  i n  a  s t a t i c  i n d e n t a t i o n  
h a r d n e s s  t e s t  on a  m e t a l ,  and  now tn e  n a r d n e s s  depends  on th e  
m e c h a n ic a l  p r o p e r t i e s  o f  t h e  m e t a l .  Tabor  (1948,  I 951 a )  and 
b ) )  h a s  g iv e n  a  t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  b o th  s t a t i c  and 
dynamic i n d e n t a t i o n  h a r d n e s s  t e s t s  e x p l a i n i n g  t h e  h a r d n e s s  i n  
te rm s  o f  t h e  e l a s t i c  and  p l a s t i c  p r o p e r t i e s  o f  t h e  m e t a l .
He n a s  shown how tne .  h a r d n e s s  i s  l i n k e d  to  t h e  s t r e n g t h  o f  t h e  
m e ta l  and  to  i t s  w o rk - h a r d e n in g  c a p a c i t y .  The i n t e r p r e t a t i o n  
i s  w e l l  s u p p o r t e d  by p r a c t i c a l  t e s t s  on t h e  one  iiand and 
t h e o r e t i c a l  a n a l y s e s  on t h e  o t h e r .  T h i s  i n t e r e s t i n g  and 
t i m e l y  work p r o v i d e s  i n f o r m a t i o n  w hereby  t h e  a p p l i c a t i o n  o f  
h a r d n e s s  d a t a  to  p r a c t i c a l  p ro b lem s  can oe made w i t h  a  g r e a t e r  
u n d e r s t a n d i n g  th a n  h i t h e r t o . I t  a l s o  p r o v i d e s  a  b a s i s  upon
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w hich  f a r i n e r  work on h a r d n e s s  can be e x p l a i n e d .
The p r e s e n t  work i s  an i n v e s t i g a t i o n  o f  t h e  p r o c e s s e s  
i n v o l v e d  i n  h a r d n e s s  t e s t i n g  a s  r e v e a l e d  by  a c c u r a t e  m easu re ­
ment o f  t h e  d i s t o r t i o n  o f  t h e  m e ta l  s u r f a c e  c a u s e d  by 
i n d e n t i n g . .  T h i s  i s  a  new a p p r o a c h .  The work d e a l s  w i t h  
s t a t i c  i n d e n t a t i o n  t e s t s ;  and  t h e  r e s u l t s  co n c e rn  i n  some 
c a s e s  e f f e c t s  r e p o r t e d  by o t h e r  w o r k e r s ,  and  i n  o t h e r  c a s e s  
e f f e c t s  w h ich  have n o t  p r e v i o u s l y  been  r e p o r t e d .  Some o f  t h e  
r e s u l t s  o b t a i n e d  s u p p o r t  e x i s t i n g  t h e o r i e s  w h i le  o t h e r s  r e q u i r e  
an e x t e n s i o n  o f  t h e s e  t h e o r i e s .  I t  i s  o f  i n t e r e s t  to  t h e  
e x t e n t  t h a t  a l l  work w h ich  th ro w s  more l i g h t  on t h e  complex 
s u b j e c t  o f  h a r d n e s s  i s  o f  i n t e r e s t ,  and  a l s o  i n  t h a t  i t  r e v e a l s  
some e f f e c t s  which  w a r r a n t  f u r t h e r  s t u d y .
I n  t h e  r e m a i n i n g  p a r t  o f  t h i s  c h a p t e r  t h e  d eve lopm en t  o f  
t h e  s t a t i c  i n d e n t a t i o n  t e s t  i s  t r a c e d  i n  d e t a i l  and i n  t h e  
s u c c e e d i n g  two c h a p t e r s  t n e  p r e s e n t  t h e o r e t i c a l  a p p r o a c h  i s  
o u t l i n e d  and  t h e  work w h ich  b e a r s  d i r e c t l y  on t h e  r e s u l t s  t o  
be  r e p o r t e d  i s  s u r v e y e d .  The n e x t  t h r e e  c h a p t e r s  cove r  t h e  
e x p e r i m e n t a l  methods i n v o l v e d  i n  t h e  p r e s e n t  work and  t h e  
r e m a i n i n g  c h a p t e r s  d e a l  w i t h  t h e  r e s u l t s  o b t a i n e d  and  some 
d i s c u s s i o n  a s  to  t h e i r  s i g n i f i c a n c e  and  t h e o r e t i c a l  i n t e r ­
p r e t a t i o n  .
1 0 .
1 .2 STATIC INDElTTATIüN TESTS.
I n  o r d e r  to  t r a c e  t h e  deve lopm en t  o f  t h e  v a r i o u s  ty p e s  of  
s t a t i c  i n d e n t a t i o n  n a r d n e s s  t e s t ,  i t  w i l l  be c o n v e n i e n t  to  
c l a s s i f y  t h e  t e s t s  by t h e  shape o f  t h e  i n d e n t e r  em ployed .
The t e s t s  w i l l  be d e s c r i b e d  under  t h e  h e a d i n g s  o f  s p h e r i c a l ,  
c o n i c a l  and  p y ra m id a l  i n d e n t e r s ,  a s  t h e s e  a r e  t h e  shapes  most 
g e n e r a l l y  u s e d .
The S p h e r i c a l  I n d e n t e r  .
I n  1900 B r i n e l l  p ro p o s e d  a  s t a t i c  i n d e n t a t i o n  h a r d n e s s  
t e s t  w h ich  h a s  s e r v e d  a s  a  b a s i s  f o r  a l l  s u b s e q u e n t  t e s t s  o f  
t h i s  t y p e .  I n  t h e  B r i n e l l  t e s t  a  h a r d  s p h e r i c a l  i n d e n t e r  i s  
p r e s s e d  n o r m a l l y ,  under  a  f i x e d  l o a d ,  o n to  t n e  s im o th  s u r f a c e  
o f  t h e  m a t e r i a l  under  e x a m i n a t i o n . The l o a d  must be  a p p l i e d  
s l o w l y  to  f u l f i l  t h e  c o n d i t i o n s  o f  a  s t a t i c  t e s t .  A f t e r  30 
s e c o n d s ,  when e q u i l i b r i u m  h a s  been  r e a c h e d ,  t h e  l o a d  and 
i n d e n t e r  a r e  removed and  t h e  d i a m e t e r  o f  t h e  p e rm anen t  
i n d e n t a t i o n  m e asu re d .  The d i a m e t e r  o f  t h e  i n d e n t e r  i s  
s t a n d a r d i s e d  a t  10 mm. and  t h e  t e s t i n g  l o a d  a t  3 ,0 0 0  k g . , 
th o u g h  f o r  s o f t  m a t e r i a l s  t h i s  i s  r e d u c e d  to  300 k g .  to  a v o i d  
too  deep  an i n d e n t a t i o n . The B r i n e l l  h a r d n e s s  number (B .H .N .)  
i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  l o a d  to  t h e  s u r f a c e  a r e a  o f  
t h e  i n d e n t a t i o n . Thus
w here  W i s  t h e  l o a d  i n  k g . ,  D i s  t h e  d i a m e t e r  o f  t h e  i n d e n t e r
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and  d t h e  d i a m e t e r  o f  t h e  i n d e n t a t i o n .  G e n e r a l l y  t n e  B.H.N.
i s  n o t  c o n s t a n t  f o r  a  g iv e n  m e ta l  b u t  v a r i e s  w i t h  t h e  l o a d  and
t h e  d i a m e t e r  o f  t h e  i n d e n t e r .  F a r t h e r ,  i t  i s  n o t  a  s a t i s f a c t o r y
p h y s i c a l  c o n c e p t ;  f o r  th o u g h  a t  f i r s t  s i g h t  i t  would  seem to
be e q u a l  to  t h e  mean p r e s s u r e  o v e r  t h e  s u r f a c e  o f  t h e
i n d e n t a t i o n ,  i n  f a c t  i t  i s  n o t .  The f o l l o w i n g  a n a l y s i s  i s
g iv e n  by Tabor ( I 951 •
I f  t h e  t r u e  mean p r e s s u r e  i s  P and  t h e r e  i s  no f r i c t i o n
b e tw een  t h e  i n d e n t e r  an d  m e t a l ,  P w i l l  a c t  n o r m a l l y  t o  t h e
s u r f a c e  o f  t h e  i n d e n t a t i o n  a t  a l l  p o i n t s .  I n  f i g .  1 c o n s i d e r
t h e  f o r c e s  a c t i n g  on an a n n u l a s  o f  r a d i u s  x and w i d t h  d s .
The a r e a  o f  t h e  a n n u l a s  i s  2Fx ds and  th e  f o r c e  on i t  P.2ÏÏX d s .
I f  t h i s  i s  i n t e g r a t e d  f o r  t h e  whole o f  t h e  s u r f a c e  a r e a  t h e
r e s u l t a n t  h o r i z o n t a l  f o r c e  v a n i s h e s ,  and  th e  r e s u l t a n t
v e r t i c a l  f o r c e ,  w h ich  i s  e q u a l  to  t h e  a p p l i e d  l o a d ,  i s  g iv e n  by
a  Q
W = S 2TTx dx = PÏTa^
0
where  2a = d  = th e  c h o r d a l  d i a m e t e r  o f  t h e  i n d e n t a t i o n .  Thus 
t n e  t r u e  mean p r e s s u r e  i s  eq u a l  to  t h e  r a t i o  o f  t h e  l o a d  to  
t h e  p r o j e c t e d  a r e a  o f  t h e  i n d e n t a t i o n .  T h i s  r e s u l t  a l s o  
a p p l i e s  to  c o n i c a l  and  p y ra m id a l  i n d e n t e r s .
E .  Meyer ( I 9Û8 ) p r o p o s e d  t h e  mean p r e s s u r e  a s  a  m easure  
o f  h a r d n e s s  and  i t  i s  now r e f e r r e d  to  a s  t h e  Meyer h a r d n e s s  
number (M. H.N. ) .  Thus
M.H.N. =
-rTd^
12 .
Both  t h e  B r i n e l l  and  Meyer h a r d n e s s  numbers have t h e  
d im e n s io n s  o f  s t r e s s  and  a r e  n o r m a l l y  e x p r e s s e d  i n  k g . / s q .m m .
H a rd n e ss  v a l u e s  v a r y  w i t h  th e  d i a m e t e r  o f  t h e  i n d e n t e r  
and  t h e  l o a d ,  b u t  i t  i s  fo u n d  e x p e r i m e n t a l l y  th a t  g e o m e t r i o a l l y  
s i m i l a r  i n d e n t a t i o n s  g i v e  e q u a l  h a r d n e s s  v a l u e s .  T i ia t  i s ,  
i f  an i n d e n t e r  o f  d i a m e t e r  p ro d u c e s  an i n d e n t a t i o n  o f  
d i a m e t e r  dj_ and a n o t h e r  i n d e n t e r  o f  d i a m e t e r  Û2 p ro d u ces  an 
i n d e n t a t i o n  o f  d ia m e te r  dg, the  two i n d e n t a t i o n s  w i l l  be 
g e o m e t r i c a l l y  s i m i l a r  i f
d i
D i  Ü2
a n d  t h e  h a r d n e s s  v a l u e s  w i l l  be e q u a l .  T h i s  i s  i l l u s t r a t e d  
d i a g r a m a t i c a l l y  i n  f i g . 2 .  The p r i n c i p l e  o f  g e o m e t r i c  
s i m i l a r i t y  f r e q u e n t l y  o c c u r s  i n  t h e  d i s c u s s i o n  o f  i n d e n t a t i o n  
h a r d n e s s  and w i l l  be r e f e r r e d  to  a g a i n  i n  C h a p te r  2 .
The e m p i r i c a l  law c o n n e c t i n g  t h e  l o a d  v ; i t n  t h e  d i a m e t e r  
o f  t h e  i n d e n t a t i o n  p ro d u c e d  was p u t  f o r w a r d  by Meyer ( I 9O8 ) 
and  s t a t e s
W = ad "
w here  a  and n a r e  c o n s t a n t s  f o r  t h e  p a r t i c u l a r  m a t e r i a l .
I f  W i s  p l o t t e d  a g a i n s t  d on l o g a r i t h m i c  c o - o r d i n a t e s  t h e  
r e s u l t a n t  g r a p h  i s  a  s t r a i g h t  l i n e  whose s l o p e  i s  e q u a l  to  t h e  
Meyer i n d e x  n ,  and  th e  v a l u e  o f  W f o r  w h ich  d  e q u a l s  one i s  
n u m e r i c a l l y  eq u a l  to  a .  Meyer showed t h a t  i n d e n t e r s  o f  
d i f f e r e n t  d i a m e t e r s  a l l  g i v e  v e r y  n e a r l y  t h e  same v a l u e  f o r  
n b u t  d i f f e r e n t  v a l u e s  f o r  a ,  so t h a t
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Chordal d ia m e t e r  o f  i n d e n t a t i o n  (mm) f o r  in d e n t e r  oflOmm diameter.
F ig .  ;J. B rinell hardness and M eyer hardness va lu es for annealed and work- 
hardened cop]ier as th e size o f  th e ind en tation  is increased. The IMeyer hardness 
va lu es lie  on a m on oton ie  curve. The B rinell hardness va lues first increase and  
th en  decrease for large in d en tation s as a  resu lt o f th e increasing area o f th e  
cur\ ed surface o f  th e ind en tation . T he lîr in e ll values th us m ake it  appear th a t  
for largo ind en tation s th e m etal is softer than for sm all indentations.
10
F ig .  5 .
136"
0.37 5 D
How a n g le  a t  the  a p e x  o f  the 
d iam ond  p y ram id  inden te r  w a s  de te rm ined  for 
use in the  136° d iam ond  p y ram id  hardness  test.
-1 3 6
-  -136.
The 136° d iam ond  p y ram id  indenter .
F ig .  4
1 3 .
_ n -2  _ _ n - 2  _ ^ n - 2
A — X ^ 2^ 2 ”  ^
w here  a  , a  and a  a r e  t h e  v a l u e s  o f  a  g iv e n  oy i n d e n t e r s
1 2 3
o f  d i a m e t e r  D^, D2 and and A i s  a  c o n s t a n t .  The most
g e n e r a l  r e l a t i o n  c o n n e c t i n g  W and  d i s
Ad^
W = -^ 2
The v a l u e  o f  t h e  Meyer i n d e x  n v a r i e s  f ro m  a b o u t  2 . 5  f o r  
a n n e a l e d  m e t a l s  t o  2 . 0  f o r  f u l l y  w o rk -h a rd e n e d  m e t a l s .
S m al l  l o a d s  g i v e  a b n o r m a l ly  h i g h  v a l u e s  f o r  n ,  a  f a c t  which  
w i l l  be r e f e r r e d  t o  a g a i n  i n  C h a p te r  2 .
A com par ison  o f  t h e  B r i n e l l  and  Meyer h a r d n e s s  numbers 
f o r  coppe r  i s  g iv e n  i n  f i g .  3 -  T hese  r e s u l t s  a r e  f o r  
a n n e a l e d  and  f u l l y  w o r k - h a r d m e d  coppe r  and  a r e  q u o te d  by 
T abor  ( I 95 I  b) . For  t h e  w o rk -h a rd e n e d  copper  t h e  M.H.N. i s  
e s s e n t i a l l y  c o n s t a n t  an d  i n d e p e n d e n t  o f  l o a d .  The B .H .N . ,  
h ow ever ,  f a l l s  w i t h  i n c r e a s i n g  l o a d  b e c a u s e  o f  t h e  i n c r e a s e  
o f  t h e  c u r v e d  s u r f a c e  o f  t h e  i n d e n t a t i o n .  T h i s  i s  e q u i v a l e n t  
t o  s t a t i n g  t h a t  t h e  m e t a l  becomes s o f t e r  on c o l d  w o rk in g ,  
w h ich  i s  known to  be i n c o r r e c t .  For  t h e  a n n e a l e d  m a t e r i a l  
t h e  B .H.N. i s  a g a i n  m i s l e a d i n g  a s  i t  shows a  maximum i n  t h e  
h a r d n e s s  c u r v e ,  which i s  n o t  g iv e n  by t h e  k . H . N . ,  and  i s  
e q u i v a l e n t  to  a s s i g n i n g  a  w o r k - s o f t e n i n g  c h a r a c t e r i s t i c  above 
a  c e r t a i n  v a l u e  o f  s t r a i n .
. From t n e  above d i s c u s s i o n  i t  i s  a p p a r e n t  t n a t  t h e  M.H.N. 
i s  t h e  more s a t i s f a c t o r y  and  f u n d a m e n ta l  c o n c e p t . I t  i s
1 4 .
employed t n r o a g h o u t  t n e  p r e s e n t  work and i s  r e f e r r e d  to  by 
t h e  symbol
The G o n io a l  i n d e n t e r  .
Ludwig (19O8) f i r s t  p r o p o s e d  a method o f  l i a rd n e s s  
measurement w h ich  depended  on t h e  d i f f e r e n t i a l  d e p t h  o f  
p e n e t r a t i o n  o f  t h e  i n d e n t e r .  The i n c r e a s e  i n  p e n e t r a t i o n  of  
a diamond cone i n d e n t e r  was m easu red  when a  p r i m a r y  l o a d  was 
r e p l a c e d  by a  l a r g e r  s e c o n d a r y  l o a d .  T h i s  method e l i m i n a t e d  
e r r o r s  due b o t h  to  m e c h a n i c a l  d e f e c t s  i n  t h e  i n s t r u m e n t  and 
to  s u r f a c e  i m p e r f e c t i o n s  o f  t h e  specim en u n d e r  t e s t .  Ludwig 
em ployed a s h a r p  p o i n t e d  diamond cone o f  i n c l u d e d  a n g l e  90° 
and  d e f i n e d  t h e  h a r d n e s s  a s  t h e  r a t i o  o f  t h e  l o a d  to  t h e  a r e a  
o f  t h e  c u r v e d  s u r f a c e  o f  t h e  i n d e n t a t i o n .  As f o r  t h e  B .H .N . , 
t h e  Ludwig h a r d n e s s  h as  no p h y s i c a l  s i g n i f i c a n c e ,  t h e  t r u e  
mean p r e s s u r e  between t h e  i n d e n t e r  and  t h e  i n d e n t a t i o n  b e i n g  
g i v e n  by t h e  r a t i o  o f  t h e  l o a d  to  t h e  p r o j e c t e d  a r e a  o f  t h e  
i n d e n t a t i o n .  The Ludwig h a r d n e s s  i s  i n d e p e n d e n t  o f  l o a d ,  a s  
a l l  t h e  i n d e n t a t i o n s  a r e  g e o m e t r i c a l l y  s i m i l a r ,  b u t  v a r i e s  
c o n s i d e r a b l y  w i t h  t h e  i n c l u d e d  a n g l e  o f  t h e  c o n e .  T h i s  i s  
p r o b a b l y  b e c a u s e  f r i c t i o n  becomes i n c r e a s i n g l y  i m p o r t a n t  a s  
t h e  i n c l u d e d  a n g l e  d e c r e a s e s .  { H i l l ,  L ea ,  and  T u p p e r ,  1947)-
The s h a r p  p o i n t e d  cone i s  u s e d  v e r y  l i t t l e  i n  h a r d n e s s  
m easu rem en ts  b e c a u s e  t h e  p o i n t  i s  v e r y  s u s c e p t i b l e  t o  damage. 
I t  i s  however a  v e r y  u s e f u l  r e s e a r c h  t o o l  a s  i t  combines 
g e o m e t r i c a l  s i m i l a r i t y  o f  i n d e n t a t i o n s  w i t h  c i r c u l a r  symmetry
1 5 .
o f  d i s t o r t i o n .  H e o e n t l y  Yaicutovioh,  Vandyshev  and 
S u r ik o v a  (1948) have u s e d  a  o o n io a l  i n d e n t e r  f o r  t h e s e ,  
r e a s o n s .
The R ock w e l l  T e s t .
F o r  g e n e r a l  u se  t h e  B r i n e l l  method o f  t e s t i n g  s u f f e r s  
f ro m  a  number o f  d i s a d v a n t a g e s ,  nam ely  l a r g e  i n d e n t a t i o n s ,  
t h e  n e c e s s i t y  o f  s u r f a c e  p r e p a r a t i o n ,  s low r a t e  o f  t e s t i n g ,  
an d  dependence  on t h e  o p e r a t o r ’s s k i l l  i n  m e asu rem e n t .
I n  o r d e r  to  overcome t h e s e  d e f e c t s  t h e  R ockw el l  t e s t  
was d e s i g n e d .  T h i s  t e s t  employs t h e  d i f f e r e n t i a l  d e p t h  
m ethod f i r s t  s u g g e s t e d  by  Ludw ig .  A m inor  l o a d  i s  f i r s t  
a p p l i e d ,  f o l l o w e d  by a  m a jo r  l o a d  w hich  i s  th e n  removed and ,  
w i t h  t h e  minor  l o a d  s t i l l  a p p l i e d ,  t h e  a d d i t i o n a l  d e p t h  o f  
p e n e t r a t i o n  i n t o  t h e  m a t e r i a l  i s  m e a s u re d .  The h a r d n e s s  
number i s  b a s e d  on t h i s  d e p t h  and  i s  m e asu red  d i r e c t l y  on a  
d i a l  g a u g e .  T h e re  a r e  two s c a l e s  o f  R o c k w e l l  h a r d n e s s  
u t i l i s i n g  d i f f e r e n t  m a jo r  l o a d s  and  i n d e n t e r s .  F o r  s o f t e r  
m a t e r i a l s  a  m a jo r  l o a d  o f  100 k g .  i s  u s e d  w i t h  a  ^ / l 6  i n c h  
d i a m e t e r  s t e e l  b a l l  i n d e n t e r . F o r  h a r d e r  m a t e r i a l s  a 
m a jo r  l o a d  o f  150 k g .  i s  u s e d  w i t h  a  s p h e r o - c o n i c a l  “B r a l e ” 
i n d e n t e r .  The " B r a l e ” i n d e n t e r  c o n s i s t s  o f  a  diamond cone 
o f  i n c l u d e d  a n g l e  120^ w i t h  a  s p h e r i c a l  t i p  o f  r a d i u s  0 . 2  mm. 
The minor  l o a d  i s  s t a n d a r d i s e d  a t  10 k g .  The 100 k g .  l o a d  
and ^ / l 6  i n c h  s t e e l  b a l l  i n d e n t e r  g i v e  h a r d n e s s  v a l u e s  on 
t h e  R ockw el l  B s c a l e ,
-  « °  -  4 -
l 6 .
where  d i s  t h e  i n c r e a s e  i n  d e p th  o f  t h e  i n d e n t a t i o n  i n  
m i c r o n s . The I 50 k g .  l o a d  and B r a l e  i n  den t e r  g i v e  h a r d n e s s  
v a l u e s  on t h e  G s c a l e
“ c “ 1» °  -  4 "
w here  d  i s  a s  a b o v e .
The R ockw el l  t e s t  n a s  two g r e a t  a d v a n t a g e s .  F i r s t l y ,  
t h e  v a l u e s  a r e  i n d e p e n d e n t  o f  t h e  s u r f a c e  c o n d i t i o n  o f  t h e  
sp e c im e n ,  owing t o  t h e  u se  o f  t h e  minor l o a d .  S ec o n d ly ,  
t h e  h a r d n e s s  nuruber i s  r e a d  d i r e c t l y  f rom  t h e  d i a l  gauge 
t h u s  e l i m i n a t i n g  o p t i c a l  m easu rem en ts  o f  t h e  i n d e n t a t i o n  and 
s p e e d in g  up t h e  t e s t  c o n s i d e r a b l y .  Tne g r e a t  d i s a d v a n t a g e  
f ro m  t h e  p o i n t  o f  view o f  m e a s u r in g  t h e  p l a s t i c  p r o p e r t i e s  o f  
t h e  m e ta l  i s  t h a t  th e  i n d e n t a t i o n  i s  a l l o w e d  t o  r e c o v e r  
e l a s t i c a l l y  b e f o r e  t h e  d e p t h  i s  m e a s u re d .  When t h e  m a jo r  
l o a d  i s  removed t h e  i n d e n t a t i o n  does  n o t  keep  t h e  same shape  
a s  t h e  i n d e n t e r  b u t  r e c o v e r s  by an amount d e p e n d in g  on i t s  
e l a s t i c  m o d u lu s .  Hence t h e  R ock w e l l  t e s t  m e a s u re s  a  m i x t u r e  
o f  t h e  p l a s t i c  and  e l a s t i c  p r o p e r t i e s  o f  t h e  m e ta l  an d  t h i s  
c o m p l i c a t e s  c o n v e r s i o n s  o f  h a r d n e s s  numbers  f ro m  one s c a l e  
to  a n o t h e r .
The P y ra m id a l  I n d e n t  e r  .
M easurement o f  h a r d n e s s  by  means o f  a  s q u a r e  b a s e d  
diamond py ram id  was f i r s t  i n t r o d u c e d  by  S m i th  and  S an d la n d  
( 1 9 2 2 ) .  I t  was d e v e lo p e d  by  M e s s r s .  V ic k e r s - A r m s t r o n g  L t d . ,
17-
and  i n c o r p o r a t e d  i n t o  t h e i r  h a r d n e s s  t e s t e r .  I t  i s  o f t e n  
r e f e r r e d  to  a s  t h e  V i c k e r s  h a r d n e s s  t e s t  a n d  h a r d n e s s  m easu re ­
m en ts  a r e  g iv e n  a s  V i c k e r s  Hardiness N um bers . a s , however,  
t h e r e  a r e  a  number o f  o t h e r  n a r d n e s s  t e s t e r s  em ploy ing  t h i s  
i n  den t e r , Diamond Pyramxd H ard n ess  (D .P .H .)  i s  a  more 
s a t i s f a c t o r y  t e rm  and  t h i s  w i l l  be u s e d  t h r o u g h o u t  t h e  p r e s e n t  
w ork .  The diamond py ram id  h a r d n e s s  method f o l l o w s  th e  
B r i n e l l  p r i n c i p l e  i n  t h a t  an i n d e n t  e r  o f  d e f i n i t e  shape  i s  
p r e s s e d  i n t o  t h e  m a t e r i a l  to  be t e s t e d ,  t n e  l o a d  removed, t h e  
d i a g o n a l s  o f  t h e  i n d e n t a t i o n  m easu red ,  and  t h e  h a r d n e s s  number 
d e f i n e d  a s  t h e  r a t i o  o f  t h e  l o a d  to  t h e  s u r f a c e  a r e a  o f  t h e  
i n d e n t a t i o n .  I t  a l s o  f o l l o w s  t h e  B r i n e l l  t e s t  i n  t h e  c h o ic e  
o f  t h e  sh ap e  o f  t h e  i n d e n t e r .  In  B r i n e l l  t e s t i n g ,  w i t h  a  
b a l l  o f  d ia n je t e r  D, i t  i s  cu s to m ary  to  u s e  i n d e n t a t i o n s  o f  
d i a m e t e r s  be tw een  0 .25 D and 0 .5 D . The a v e r a g e  o f  t h e s e  i s  
0 . 3 7 5  D and when t a n g e n t s  a r e  drawn to  a  c i r c l e  a t  t h e  ends, 
o f  a  c h o r d  o f  l e n g t h  0 .3 7 5  D t h e y  i n c l u d e  an a n g l e  o f  136^ .  
T h i s  a n g l e  was chosen  a s  t h e  a n g l e  be tw een  t h e  f a c e s  o f  t h e  
p y r a m i d a l  i n d e n t e r ,  w h ich  i s  c o n s t r u c t e d  a s  shown i n  f i g .  4 .
The D .P .H .  i s  d e f i n e d  by  t h e  f o r m u l a
D .P .H .  = ^
where W i s  t h e  l o a d  i n  k g . ,  d  i s  t h e  d i a g o n a l  o f  t h e
i n d e n t a t i o n  i n  mm., and 0  i s  t h e  a n g l e  be tw een  t h e  o p p o s i t e  
f a c e s  o f  t h e  i n d e n t e r  { = 136° ) .  The s t a n d a r d  l o a d s  a r e  
5 ,  10, 20 ,  3 0 » 5 0 , 100 and  120 k g .  and  a r e  a p p l i e d  f o r  13 s e c s
18.
The i n d e n t a t i o n s  a r e  m e a s u re d  w i t h  a  m e t a l l u r g i c a l  m ic ro s c o p e .
T h e re  a r e  two o u t s t a n d i n g  f e a t u r e s  o f  t h e  diamond 
p y ram id  h a r d n e s s  t e s t  wiiich c a l l  f o r  some comment. The 
f i r s t  i s  t h a t  s i n c e  t h e  i n d e n t a t i o n s  a r e  g e o m e t r i c a l l y  s i m i l a r  
f o r  a l l  l o a d s  t h e  h a r d n e s s  i s  i n d e p e n d e n t  o f  t h e  l o a d  f o r  a 
homogeneous m a t e r i a l .  T h i s  i s  t r u e  f o r  a l l  l o a d s  above 1 k g .  
The se c o n d  i s  t h a t  a s  t h e  l o a d  can  be v a r i e d  f ro m  1 to  120 k g .  
a l l  t h e  h a r d n e s s  v a r i a t i o n s  met w i t h  i n  m e t a l s  can be 
m e asu red  on t h e  same h a r d n e s s  s c a l e ,  f rom  t i n  w i t h  a  D .P .H .  
o f  5 t,o cem ented  c a r b i d e s  w i t h  a  D .P .H .  a b o u t  1 , 5 0 0 . I t  h a s  
a  f u r t h e r  a d v a n ta g e  o v e r  t h e  B r i n e l l  t e s t  i n  t h a t  t h e  
i n d e n t a t i o n s  a r e  v e r y  much s m a l l e r ,  so p e r m i t t i n g  s m a l l e r  
spec im ens  to  be u s e d  and  t h e  h a r d n e s s  o f  t h i n  H ardened  l a y e r s  
to  be f o u n d .  A l th o u g h  t h e  diamond py ram id  h a r d n e s s  t e s t  i s  
i d e a l  f o r  r e s e a r c h  and  l a b o r a t o r y  work i t  i s  n o t  w e l l  s u i t e d  
to  r o u t i n e  t e s t i n g .  I t  i s  s low ,  r e q u i r e s  c a r e f u l  p r e p a r a t i o n  
o f  t h e  s u r f a c e  o f  t h e  spec im en  and  a  p e r s o n a l  e r r o r  i s  
i n v o l v e d  i n  t h e  m easurem ent  o f  t h e  d i a g o n a l s .
Ha r d n e s s  C o n v e r s i o n s .
A s i t u a t i o n  som etim es a r i s e s  when a  h a r d n e s s  on one 
s c a l e ,  say  B r i n e l l ,  i s  r e q u i r e d  when o n l y  say  t h e  R ockw el l  
number can be o b t a i n e d .  Such a  s i t u a t i o n  may a r i s e  f o r  a  
number o f  r e a s o n s .  Over t h e  y e a r s  t h i s  p ro b lem  h a s  l e d  to  
t h e  c o m p i l a t i o n  o f  many h a r d n e s s  c o n v e r s io n  t a b l e s  c o n n e c t i n g  
one  s c a l e  w i t h  a n o t h e r .  These  t a b l e s  have become s t a n d a r d i s e d
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an d  a r e  now r e a s o n a b l y  a c c u r a t e . They a p p l y ,  however,  o n ly  
to  c e r t a i n  m a t e r i a l s ,  and  a r e  a l l  b a s e d  on e m p i r i c a l  r e s u l t s .  
The d i f f i c u l t y  o f  c o m p i l i n g  a  g e n e r a l  c o n v e r s io n  t a b l e  can 
b e s t  be a p p r e c i a t e d  by c o n s i d e r i n g  t n e  f a c t o r s  i n v o l v e d  i n  
t h e  v a r i o u s  m ethods o f  t e s t i n g .  The B r i n e l l ,  R ockw el l  and  
Diamond p y ram id  t e s t s  w i l l  be t a k e n  a s  r e p r e s e n t a t i v e .
The B.H.N. i s  d ep e n d en t  on t h e  l o a d .  As t h e  l o a d  i s  
s p e c i f i e d ,  o n l y  one h a r d n e s s  v a l u e  i s  o b t a i n e d  f o r  each  
m a t e r i a l ;  bu t  t h i s  v a l u e  i s  a  f u n c t i o n  o f  t h e  sha>pe o f  t h e  
i n d e n t a t i o n ,  t h e  w o r k - h a r d e n i n g  c a p a c i t y  o f  t h e  m e t a l ,  and 
th e  h a r d n e s s  o f  th e  b a l l  i n d e n t e r .
The R ockw el l  h a r d n e s s  i s  d e p e n d e n t  m a in ly  on t h e  p l a s t i c  
p r o p e r t i e s  o f  t h e  m e t a l ,  i . e .  t h e  y i e l d  s t r e s s  an d  w ork-  
h a r d e n i n g  c a p a c i t y ,  b u t  a l s o ,  much more m a rk e d ly  th a n  any 
o t h e r  s t a t i c  t e s t ,  on i t s  e l a s t i c  p r o p e r t i e s .  *
The Dianiond py ram id  h a r d n e s s  i s  i n d e p e n d e n t  o f  t h e  l o a d  
f o r  homogeneous m e t a l s .  The r a t i o  o f  t h e  D .P .H .  to  t h e  y i e l d  
s t r e s s  o f  t h e  m a t e r i a l ,  how ever,  depends  on i t s  w o rk - h a r d e n i n g  
c a p a c i t y .
T hese  c o n s i d e r a t i o n s ,  combined w i t h  t h e  f a c t  t h a t  t h e  
s h a p e s  o f  t h e  i n d e n t e r s  a r e  q u i t e  d i f f e r e n t  and  so c a u s e  
v a r y i n g  amounts o f  p l a s t i c  s t r a i n ,  s e r v e  to  i n d i c a t e  t h e  
d i f f i c u l t y  o f  c o m p i l in g  a  g e n e r a l  h a r d n e s s  c o n v e r s i o n  t a b l e .
I t  i s  p o s s i b l e  to  c o n s t r u c t  such  a  t a b l e  f o r  one p a r t i c u l a r  
m a t e r i a l ,  and t o  e x p l a i n  i t  i n  t e rm s  o f  t h e  known m e c h a n ic a l  
p r o p e r t i e s  o f  t h e  m a t e r i a l ;  b u t  t h e  a p p l i c a t i o n  o f  su ch  a
2 0 .
t a b l e  m ust  be  s t r i c t l y  l i m i t e d  t o  t h e  p a r t i c u l a r  m a t e r i a l  
f o r  w h ich  i t  was c o n s t r u c t e d .
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CHAPTER 2 .
PHYSICAL SIGNIFlGANGE OF STATIC 
ïiMDENTATIûN HARDNESS.
I n  t h i s  c h a p t e r ,  f o l l o w i n g  t h e  r e v i e w  o f  t h e  deve lopm ent  
o f  s t a t i c  i n d e n t a t i o n  h a r d n e s s  m easu rem en ts ,  t h e  p r e s e n t  s t a t e  
o f  t h e  t h e o r y  o f  i n d e n t a t i o n  h a r d n e s s  i s  r e v i e w e d .  The 
p h y s i c a l  p r o c e s s e s  i n v o l v e d  a r e  d i s c u s s e d  and  t h e  r e l a t i o n  o f  
h a r d n e s s  to  o t h e r  p h y s i c a l  p r o p e r t i e s  o f  t h e  m e ta l  i s  
i n d i c a t e d .  The t r e a t m e n t  c l o s e l y  f o l l o w s  t h a t  g iv e n  by 
Tabor  (1951 b ) .
B e fo re  c o n s i d e r i n g  t h e  i n d e n t a t i o n  p r o c e s s e s ,  i t  i s  
n e c e s s a r y  to  d i s c u s s  t h e  r e l e v a n t  p r o p e r t i e s  o f  t h e  m e t a l s  
u n d e r  e x a m in a t io n  . T h i s  i s  b e s t  done by c o n s i d e r i n g  t h e  
e l a s t i c  and  p l a s t i c  p r o p e r t i e s  o f  an i d e a l  m e t a l ,  and  th e n  
p r o c e e d i n g  to  c o n s i d e r  how th e  p r o p e r t i e s  o f  r e a l  m e t a l s  
d i f f e r  f rom t h e s e ,  and  how t h e s e  v a r i a t i o n s  a f f e c t  t h e  
i n d e n t a t i o n  p r o c e s s e s .
2 .1  PLASTICITY OF METALS.
The s t r e s s - s t r a i n  c u rv e  f o r  a  c y l i n d e r  o f  i d e a l  e l a s t i c -  
p l a s t i c  m e t a l  i n  t e n s i o n  i s  shown i n  f i g .  5* The l i n e a r  
s t r a i n  E i s  p l o t t e d  a g a i n s t  t h e  t r u e  s t r e s s  Y, and  i t  i s  
o b s e r v e d  t h a t  i n i t i a l l y  t h e r e  i s  a  s l i g h t  i n c r e a s e  i n  l e n g t h  
w h ic h  i s  p r o p o r t i o n a l  t o  t h e  a p p l i e d  s t r e s s .  H o o k e 's  law 
i s  o b eyed  o ver  t h i s  r a n g e ,  and  i f  t h e  s t r e s s  i s  removed th e
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c y l i n d e r  assum es i t s  o r i g i n a l  l e n g t h ,  i . e .  t h e  p a t h  0 A 
i s  r e v e r s i b l e .  yhen th e  s t r e s s  r e a c h e s  a  c e r t a i n  c r i t i c a l  
v a l u e  t h e  m e ta l  deform s i n  a  n o n - r e v e r s i b l e  way, t h e  s t r e s s  
a t  w h ich  t h i s  o c c u r s  b e i n g  t h e  e l a s t i c  l i m i t  o r  y i e l d  
s t r e s s  Yq. As t h e  y i e l d  s t r e s s  i s  c o n s t a n t  f o r  an i d e a l  
m e t a l  t h e  s t r e s s - s t r a i n  c u rv e  i s  a s t r a i g h t  l i n e  BG p a r a l l e l  
to  t h e  s t r a i n  a x i s .  I f ,  a t  some p o i n t  D, t h e  s t r e s s  i s  
r e d u c e d ,  t h e  c y l i n d e r  c o n t r a c t s  a lo n g  t h e  l i n e  DO^, h a v in g  
s u f f e r e d  a  perm anen t  p l a s t i c  d e f o r m a t i o n  o f  amount 0 0 ^ .
I f  t h e  s t r e s s  i s  now r e a p p l i e d  t h e  d e f o r m a t io n  w i l l  p r o c e e d  
a l o n g  O^DG. A l l  r e a l  m e t a l s  have s t r e s s - s t r a i n  c u r v e s  
d i f f e r i n g  w i d e l y  f rom th e  i d e a l ,  b u t  i t  i s  p o s s i b l e  to  o b t a i n  
a  f a i r  a p p r o x im a t io n  to  t h e  i d e a l  c a s e  by t h e  f o l l o w i n g  
m e th o d .
The s t r e s s - s t r a i n  cu rv e  f o r  a  t y p i c a l  m e ta l  i s  shown i n  
f i g . 6 .  As th e  d e f o r m a t i o n  p r o c e e d s  t h e r e  i s  a  s t e a d y  
i n c r e a s e  i n  t h e  s t r e s s  a t  which  p l a s t i c  d e f o r m a t i o n  o c c u r s .
I f  t h e  s t r e s s  i s  removed a t  t h e  p o i n t  D t h e  spec im en  w i l l  
c o n t r a c t  e l a s t i c a l l y  a l o n g  t h e  l i n e  DO^. On r e a p p l y i n g  t h e  
s t r e s s  t h e  d e f o r m a t io n  w i l l  f o l l o w  th e  c u rv e d  d o t t e d  l i n e  
shown i n  f i g .  6 .  Thus i f  t h e  s t r e s s - s t r a i n  c u r v e  o f  a 
specimen t h a t  h a s  a l r e a d y  undergone  c o n s i d e r a b l e  p l a s t i c  
d e f o r m a t i o n  i s  p l o t t e d ,  i t  h a s  t h e  fo rm  shown i n  f i g .  7, where  
t h e  y i e l d  s t r e s s  v a r i e s  v e r y  l i t t l e  w i t h  t h e  s t r a i n .  A 
h e a v i l y  w o rk -h a rd e n e d  m e t a l ,  t h e n ,  h a s  p l a s t i c  p r o p e r t i e s  
s i m i l a r  to  t h o s e  o f  an i d e a l  m e t a l .
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v7hen an i n d e n t e r  i s  p r e s s e d  i n t o  t h e  s u r f a c e  o f  a  m e ta l  
t h e  s t r e s s e s  a r e  n o t  s im p ly  t e n s i l e  or  c o m p re s s iv e  i n  n a t u r e .  
The t r e a t m e n t  must t h u s  be e x t e n d e d  to  i n c l u d e  combined 
s t r e s s e s .
I t  can be shown e x p e r i m e n t a l l y  t h a t  h y d r o s t a t i c  p r e s s u r e  
d o es  n o t  a f f e c t  t h e  y i e l d  s t r e s s  o f  m e t a l s .  I t  i s  t h e r e f o r e  
assum ed t h a t  o n ly  t h e  n o n -h y d ro  s t a t i c  p a r t s  o f  t h e  combined 
s t r e s s e s  a r e  o p e r a t i v e  i n  c a u s i n g  p l a s t i c  f l o w .  C o n s id e r  
a  m e t a l  specimen s u b j e c t e d  t o  p r i n c i p a l  ( o r t h o g o n a l )  s t r e s s e s  
P i ,  P2 and P ^ .  These  can be s p l i t  i n t o  a  h y d r o s t a t i c  
component ^ (P ^  + p ^  4- P^)  and t h r e e  r e d u c e d  s t r e s s e s  
Pi -  i(P i + P2 + P;)), ^2 " ^(^1 ^2
P^ -  i(Pj_ 4" Pg + P^) • O nly  t h e s e  r e d u c e d  s t r e s s e s  can ca u se  
p l a s t i c  f lo w  and  t h e y  a r e  f o u n d  e x p e r i m e n t a l l y  to  do so when 
t h e  sum o f  t h e i r  squares ,  i s  a  c o n s t a n t ,  t h a t  i s  when
i s  a c o n s t a n t .  For  u n i a x a l  t e n s i o n  P2 = P^ = 0 and  y i e l d i n g  
o c c u r s  when P^ = Y and  hence  t h e  v a l u e  o f  t h e  c o n s t a n t  i s  
%  Y^. The e q u a t i o n  now becomes
( p ^ -  P 2 F + ( p 2“P 3 )^+(P3- P i ) ^  = 2Y^
T h i s  e q u a t i o n ,  o r i g i n a l l y  d e r i v e d  by Huber ( I9 0 4 )  and 
i n d e p e n d e n t l y  by M ises  ( I 9 1 3 ) ,  i s  known a s  t h e  Huber-M is es 
c r i t e r i o n  o f  p l a s t i c i t y ,  and  i s  s u p p o r t e d  by  a  l a r g e  body o f  
e x p e r i m e n t a l  d a t a .
An a l t e r n a t i v e  c r i t e r i o n ,  p r o p o s e d  by  T r e s c a  (1 8 6 4 ) ,  
a ssum es  t h a t  p l a s t i c  d e f o r m a t i o n  o c c u r s  when t h e  maximum
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s h e a r  s t r e s s  r e a c h e s  a  c e r t a i n  v a l u e .  For  t h e  p r i n c i p a l  
s t r e s s e s  ?2  and  t h e  s h e a r  s t r e s s e s  a r e  ^ (P ]_ -P 2 ) ,
i ( P 2 “P3)  and - ^ (P ^ -P i ) .  I f  P i> P 2">^3 t h e  maximuiD s h e a r  s t r e s s
i s  ^ ( P ^ - P ^ ) . As t h i s  d e t e r m i n e s  t h e  o n s e t  o f  p l a s t i c  
d e f o r m a t i o n  we have
P]_ -  P3 = Y when P i > P 2 ^ ^ 3  
a s  t h e  T r e s c a  c r i t e r i o n .  I n  p l a n e  s t r a i n  (P^ = 0 ) t h e
H u b er -M ises  c r i t e r i o n  r e d u c e s  to  P i “P2 = Y w h ich  i n  t h i s
c a s e  i s  i d e n t i c a l  w i t h  t h e  T r e s c a  c r i t e r i o n  e x c e p t  f o r  t h e  
v a l u e  o f  t h e  c o n s t a n t .
A f u r t h e r  c r i t e r i o n  due to  Haar  and  v o n  Karman ( I9 0 9 )  
assum es  t h a t  two o f  t h e  p r i n c i p a l  s t r e s s e s  a r e  e q u a l  an d  f i n d s
P i  -  P2 = Y and  P2 = P3 
a s  t h e  c r i t e r i o n  f o r  p l a s t i c  f l o w .  T h e re  i s  no p h y s i c a l  
b a s i s  f o r  t h e  a s su m p t io n  t h a t  t h e  two p r i n c i p a l  s t r e s s e s  a r e  
e q u a l ,  b u t  t h i s  c r i t e r i o n  i s  u s e f u l  f o r  s o l v i n g  c e r t a i n  
p ro b lem s  which  would be i n t r a c t a b l e  u s i n g  any  o t h e r  c r i t e r i o n .
No a t t e m p t  w i l l  be made h e r e  t o  d i s c u s s  t h e  m a th e m a t i c a l  
t r e a t m e n t  o f  p l a s t i c  d e f o r m a t i o n  p r o b l e m s . The p h y s i c a l  
p r i n c i p l e s  i n v o l v e d  i n  t n e i r  s o l u t i o n  w i l l ,  how ever ,  be 
i n d i c a t e d  f o r  t h e  ca se  o f  tw o - d im e n s io n a l  p l a s t i c  f l o w .
F i g .  8 shows g r a p h i c a l l y  how two s t r e s s e s  P and Q can be 
combined to  p roduce  a  h y d r o s t a t i c  component p and  a  s h e a r  
s t r e s s  k ,  where  P = & (P P 4 ) and k = ^ (P  -  . When p l a s t i c
d e f o r m a t i o n  o c c u r s  t n e  s t r e s s e s  a t  any p o i n t  may be e x p r e s s e d  
i n  t e rm s  o f  a  s h e a r  s t r e s s  k ,  which  i s  c o n s t a n t  f o r  an i d e a l
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m e t a l ,  and  a  n y d r o s t a t i c  p r e s s u r e  p .  Tne l i n e s  o f  maximum
s h e a r  s t r e s s  a r e  r e f e r r e d  to  a s  s l i p  l i n e s  and  t h e y  c o n s t i t u t e
two s e t s  o f  o r t h o g o n a l  c u r v e s .  D e t a i l e d  m a th e m a t i c a l  
t r e a t m e n t  shows t h a t  i f  t h e  s l i p  l i n e s  a r e  s t r a i g h t ,  p i s  
c o n s t a n t  t h r o u g h o u t  t h e  p l a s t i c  r e g i o n .  I f ,  how ever ,  a  s l i p  
l i n e  t u r n s  tirirough an a n g l e  0 r e l a t i v e  to a  f i x e d  d i r e c t i o n
p ±  2k0
i s  a  c o n s t a n t  a lo n g  t h e  s l i p  l i n e .  (The p o s i t i v e  a n d  
n e g a t i v e  s i g n s  r e f e r  to  t h e  two f a m i l i e s  o f  s l i p  l i n e s . )
The s o l u t i o n  to  a  p rob lem  i n  p l a n e  s t r a i n  can be g iv e n  i n
te rm s  o f  t h e  a s s o c i a t e d  s l i p  l i n e  f i e l d .
The o n ly  i n d e n t a t i o n  p ro b lem s  f o r  w h ich  r i g o r o u s  
s o l u t i o n s  have been fo u n d  a r e  tw o - d im e n s io n a l  i n  c h a r a c t e r . 
B ish o p ,  H i l l  and  Mott ( 19 4 5 ) d e t e r m in e d  th e  s l i p  l i n e  f i e l d  
f o r  an i n f i n i t e l y  lo n g  wedge i n d e n t i n g  a  b l o c k  o f  i d e a l  r i g i d -  
p l a s t i c  m e t a l .  T h e i r  s o l u t i o n  i s  shown i n  f i g .  9 * F r i c t i o n  
i s  n e g l e c t e d ,  and  i f  t h i s  i s  a l l o w e d  f o r  t h e  e x t e n t  o f  t h e  
f lo w  p a t t e r n  i s  i n c r e a s e d .  T n i s  a n a l y s i s  h a s  b een  e x t e n d e d  
by H i l l  (1950) to  f i n d  t h e  c r i t i c a l  s i z e  o f  t h e  spec im en  f o r  
su c h  an i n d e n t a t i o n  p r o c e s s .  T h i s  a n a l y s i s  r e v e a l s  a  d i r e c t  
c o r r e s p o n d e n c e  between t h e  p r e s s u r e  o v e r  t h e  i n d e n t a t i o n ,  i . e .  
t h e  h a r d n e s s ,  and  t h e  y i e l d  s t r e s s  o f  t h e  m e t a l .
I s h l i n s k y  ( 1944) h a s  been a b l e  to  d e r i v e  t h e  s o l u t i o n s  
f o r  a  f l a t  c i r c u l a r  punch  an d  a  b a l l  p e n e t r a t i n g  an i d e a l  
r i g i d - p l a s t i c  m e t a l ,  u s i n g  t h e  Haar-Karman c r i t e r i o n  o f
26 .
p l a s t i c i t y .  The s o l u t i o n  o f  t h e  l a t t e r  i s  shown i n  f i g .  10 
an d  i t  i s  t o  be n o t i c e d  t h a t  i t  does  n o t  d e a l  w i t h  t h e  
d i s p l a c e m e n t  o f  t h e  m e t a l .  T n i s  i s  an i m p o r t a n t  o m is s io n  
and ,  t o g e t h e r  w i t h  t h e  f a c t  t h a t  t h e  Haar-Karman c r i t e r i o n  
i s  n o t  s t r i c t l y  v a l i d ,  r e d u c e s  t h e  v a l u e  o f  t h e  s o l u t i o n  
c o n s i d e r a b l y .
Thus a t  p r e s e n t  a  r i g o r o u s  a n a l y s i s  o f  t h e  i n d e n t a t i o n  
p r o c e s s ,  even f o r  an i d e a l  m e t a l ,  i s  n o t  p o s s i b l e .  A more 
e m p i r i c a l  a p p r o a c h  i s  c a l l e d  f o r ,  and  t h i s  w i l l  be o u t l i n e d  i n  
t h e  s u c c e e d in g  s e c t i o n s  o f  t h i s  c h a p t e r . When d e a l i n g  w i t h  
a  c o n c e p t  a s  complex a s  h a r d n e s s  t h e  e m p i r i c a l  a p p r o a c h  o f t e n  
ca n n o t  be a v o i d e d .  I n  t h i s  c a s e  i t  p r o v id e s  c o n s i d e r a b l e  
q u a l i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  p r o c e s s e s  i n v o l v e d  i n  a 
h a r d n e s s  t e s t  and  t h e  r e l a t i o n  o f  h a r d n e s s  to  t n e  o t h e r  
p h y s i c a l  p r o p e r t i e s  o f  t h e  m e t a l .
2 .2  BALL INDEIvTEtiS.
I d e a l  M e t a l s .
I f  a  h a r d  c a l l  i s  p r e s s e d  o n to  t h e  f l a t  s u r f a c e  o f  an 
i d e a l  m e t a l ,  b o th  b a l l  and m e ta l  deform  e l a s t i c a l l y  a c c o r d i n g  
t o  t h e  c l a s s i c a l  e q u a t i o n s  o f  H e r tz  ( 1881) . The r a d i u s  o f  
t h e  c i r c l e  o f  c o n t a c t  i s  g iv e n  by
2
a =
w here  W i s  t h e  l o a d  a p p l i e d ,  and  E2 a r e  t h e  Youngs m o d u l i  
o f  t h e  i n d e n t e r  and m e ta l  r e s p e c t i v e l y  and 6  ^ and  ^  a r e  t h e
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c o r r e s p o n d i n g  v a l u e s  o f  P o i s s o n s  r a t i o .  The p r e s s u r e  over  
t h e  c i r c l e  o f  c o n t a c t  i s  n o t  u n i f o rm ,  b e in g  a  maxiimm a t  t h e  
c e n t r e  and  ze ro  a t  t h e  ed g e .
As t h e  l o a d  on t h e  i n d e n t e r  i s  i n c r e a s e d  t h e  s h e a r  s t r e s s  
f i r s t  ex c ee d s  t h e  y i e l d  s t r e s s  a t  a  p o i n t  below t h e  c e n t r e  o f  
t h e  c o n t a c t  r e g i o n  and  p l a s t i c  f lo w  o c c u r s .  I t  can  be shown 
by a p p l y i n g  th e  T r e s c a  o r  H uber-M ises  c r i t e r i o n  to  t h e  p rob lem  
(Timoshenko, 1934) t h a t  t h e  p o i n t  a t  w h ich  y i e l d i n g  o c c u r s  
i s  a b o u t  h a l f  t h e  r a d i u s  o f  t h e  c i r c l e  o f  c o n t a c t  be low  t h e  
c o n t a c t  s u r f a c e .  O ' N e i l l  ( 1 9 3 4 ) and Holm, Holm and  S h o b e r t  
(1949) assumed i n c o r r e c t l y  t h a t  d e f o r m a t i o n  would f i r s t  t a k e  
p l a c e  a t  t h e  edge o f  t h e  c i r c l e  o f  c o n t a c t .  B r i t t l e  
m a t e r i a l s  deform i n  t h i s  way a s  t h e i r  d e f o r m a t i o n  i s  
d e p e n d e n t  on t h e  maximum t e n s i l e  s t r e s s  w h i l e  f o r  m e t a l s  i t  
i s  d e p e n d e n t  on t h e  maximum s h e a r  s t r e s s .  The mean p r e s s u r e  
o v e r  t h e  c o n t a c t  r e g i o n  a t  t h e  o n s e t  o f  p l a s t i c  d e f o r m a t i o n  
i s  1 .1  t i m e s  t h e  y i e l d  s t r e s s .  I f  t h e  mean p r e s s u r e  j u s t  
ex c e e d s  t h i s  v a l u e  and  t h e  l o a d  i s  rem oved  t h e  r e s u l t i n g  
i n d e n t a t i o n  w i l l  be v e r y  sm a l l  a s  most o f  t h e  m e t a l  h a s  o n ly  
b ee n  defo rm ed  e l a s t i c a l l y .
I f  t h e  l o a d  i s  i n c r e a s e d  f u r t h e r  t h e  mean p r e s s u r e  
i n c r e a s e s  and  t h e  p l a s t i c  r e g i o n  s p r e a d s  u n t i l  a l l  t h e  m e ta l  
s u r r o u n d i n g  t h e  i n d e n t e r  i s  i n  a  s t a t e  o f  p l a s t i c i t y .  The 
s t a g e  a t  which  t l i i s  o c c u r s  i s  n o t  e a s i l y  d e f i n e d  b u t  i s  
g e n e r a l l y  c o n s i d e r e d  t o  be r e a c h e d  when t h e  y i e l d  p r e s s u r e  
v a r i e s  l i t t l e  w i t h  f u r t h e r  i n c r e a s e  i n  i n d e n t a t i o n  s i z e .
2 8 .
T h i s  t r a n s i t i o n  to  t h e  f u l l y  p l a s t i c  s t a g e  i s  v e r y  i m p o r t a n t  
f rom  b o t h  t h e  t h e o r e t i c a l  an d  p r a c t i c a l  p o i n t s  o f  v i e w .
I f  t h e  l o a d  i s  s m a l l e r  t h a n  t h e  c r i t i c a l  v a l u e  t h e  h a r d n e s s  
r e a d i n g  o b t a i n e d  w i l l  be to o  sm a l l  and  t h e  v a l u e  o f  t h e  
Meyer i n d e x  n ,  r e f e r r e d  to  i n  C h ap te r  1 , w i l l  be to o  l a r g e .  
O n ly  i n d e n t a t i o n s  i n  t h e  f u l l y  p l a s t i c  r a n g e  can be a n a l y s e d  
t h e o r e t i c a l l y  a t  p r e s e n t ,  and  th e n  o n l y  a p p r o x i m a t e l y  as  
o u t l i n e d  above ;  so t h e  mechanism o f  t h e  i n d e n t a t i o n  below 
t h e  r a n g e  o f  f u l l  p l a s t i c i t y  i s  o f  i n t e r e s t  t h e o r e t i c a l l y .
The c o n c e p t  o f  f u l l  p l a s t i c i t y  i s  n o t  a c c e p t e d  by Holm, Holm 
and  S h o b e r t  (1949 ) th o u g h  a s  t h e y  were work ing  w i t h  g r a p h i t e  
t h e i r  a rg u m e n ts  c a n n o t  be d i r e c t l y  a p p l i e d  i n  t h e  c a s e  o f  
m e t a l s .
I f  t h e  l o a d  i s  i n c r e a s e d  above t h e  c r i t i c a l  v a l u e  f o r  
f u l l  p l a s t i c i t y  t h e  i n d e n t e r  s i n k s  f u r t h e r  i n t o  t h e  m e t a l  and  
t h e  mean p r e s s u r e  s t a y s  c o n s t a n t  a t  a b o u t  2 .8  t im e s  t h e  
y i e l d  s t r e s s .
R e a l  M e t a l s .
The above t r e a t m e n t  assum es  t h a t  t h e  m a t e r i a l  d o e s  n o t  
w o rk - h a r d e n ,  w hereas  i n  p r a c t i c e  a l l  m e t a l s  do w o rk -h a rd e n  to  
some e x t e n t . Because o f  t n i s  t h e  e f f e c t i v e  v a l u e  o f  t h e  
y i e l d  s t r e s s  may become c o n s i d e r a b l y  g r e a t e r  d u r i n g  t h e  
i n d e n t a t i o n  p r o c e s s  t h a n  i t  was a t  t h e  o n s e t  o f  p l a s t i c  
d e f o r m a t i o n . Thus t h e r e  a r e  two f a c t o r s  i n v o l v e d  i n  b a l l  
i n d e n t a t i o n  t e s t s ;  t h e  t r a n s i t i o n  f ro m  t h e  o n s e t  o f  p l a s t i c
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d e f o r m a t i o n  to  t h e  f u l l y  p l a s t i c  s t a g e ,  and  t h e  i n c r e a s e  i n  
t h e  y i e l d  s t r e s s  a s  t h e  i n d e n t a t i o n  i n c r e a s e s  i n  s i z e .
Most i n d e n t a t i o n  t e s t s  a r e  made w i t h i n  t h e  r a n g e  o f  f u l l  
p l a s t i c i t y ;  hence  th e  main f a c t o r  i n f l u e n c i n g  t h e  i n c r e a s e  i n  
t h e  mean p r e s s u r e ,  and  so t h e  h a r d n e s s ,  i s  t h e  w o rk - h a r d e n i n g  
c h a r a c t e r i s t i c  o f  t h e  m e t a l .
The i n c r e a s e  i n  t h e  y i e l d  s t r e s s  o f  t h e  m e t a l  depends  
upon t h e  d e f o r m a t i o n  c a u s e d  by th e  i n d e n t a t i o n . I t  i s  
fo u n d  e m p i r i c a l l y  t h a t  i f  a  r e p r e s e n t a t i v e  y i e l d  s t r e s s  Yp 
i s  d e f i n e d  by t h e  f o rm u la
P = 2 .8  Y^
w here  P i s  t h e  mean p r e s s u r e  o v e r  t h e  i n d e n t a t i o n ,  Yp i s  
e q u a l  to  ' t h e  y i e l d  s t r e s s  o f  t h e  i n d e n t e d  m e t a l  a t  a  l i n e a r  
s t r a i n  o f  2o â  p e r  c e n t . ,  w here  d and  Û a r e  t h e  d i a m e t e r s  o f
t h e  i n d e n t a t i o n  and  i n d e n t e r  r e s p e c t i v e l y .  (T a b o r ,  I951  b ) . 
Thus f ro m  t h e  h a r d n e s s  m easu rem en ts  t h e  s t r e s s - s t r a i n  c u rv e  
o f  t h e  m e t a l  may be c o n s t r u c t e d .  E x p e r i m e n t a l l y  t h e  
ag reem en t  i s  q u i t e  good be tw een  t h e  s t r e s s - s t r a i n  c u r v e  
co m p i le d  f rom  h a r d n e s s  d a t a  and  t h a t  f o u n d  by t e n s i l e  t e s t i n g .
i f  t h e  s t r e s s - s t r a i n  cu rv e  o f  a  m e ta l  can be  r e p r e s e n t e d  
by th e  f o rm u la
Y — b E
where  Y i s  t h e  s t r e s s ,  E t h e  s t r a i n ,  and b and x a r e  c o n s t a n t s ,  
T ab o r  h a s  shown t h a t  t h e  Meyer i n d e x  n s h o u ld  be r e l a t e d  to  
t h e  w o rk - h a r d e n in g  i n d e x  x b y  t h e  fo rm u la
n = 2 4- X
3 0 .
The e x p e r i m e n t a l  ag ree m en t  i n  t h i s  e a se  i s  q u i t e  good, 
e s p e c i a l l y  i n  view o f  t h e  f a c t  t h a t  no s t r e s s - s t r a i n  cu rv e  
h a s  e x a c t l y  t h e  assumed s h a p e .
Mhen e q u i l i b r i u m  h a s  been r e a c h e d  i n  an i n d e n t a t i o n  
p r o c e s s  t h e  whole o f  t h e  l o a d  i s  s u p p o r t e d  by t h e  e l a s t i c  
s t r e s s e s  i n  t h e  m e t a l . I f  t h e  l o a d  i s  removed t h e  i n d e n t a t i o n  
w i l l  r e c o v e r  and  i t s  shape  w i l l  c h a n g e .  I f  t h e  l o a d  i s  
now r e a p p l i e d  t h e  i n d e n t e r  and  i n d e n t a t i o n  deform  e l a s t i c a l l y  
so t h a t  t h e y  j u s t  f i t  o v e r  t h e  d i a m e te r  o f  t h e  o r i g i n a l  
i n d e n t a t i o n ,  and t h e  l o a d  i s  a g a i n  s u p p o r t e d  by  t h e  e l a s t i c  
s t r e s s e s  i n  t h e  m e t a l . I f  t h e  l o a d  i s  f u r t h e r  i n c r e a s e d  
t h e  s t r e s s e s  ex ceed  t h e  e l a s t i c  l i m i t  and  f u r t h e r  p l a s t i c  
d e f o r m a t i o n  o c c u r s ,  t h e r e  i s  an i n c r e a s e  i n  t h e  s i z e  o f  t h e  
i n d e n t a t i o n ,  and o f  t h e  amount o f  w o r k - h a r d e n i n g ,  u n t i l  
e q u i l i b r i u m  i s  a g a in  r e a c h e d .
2 .3 PYBmiDAL m p  CONICAL INDEIvTSRS.
I t  i s  i n s t r u c t i v e  to  compare t h e  p r o c e s s e s  i n v o l v e d  i n  
h a r d n e s s  t e s t s  em ploy ing  s h a r p  p o i n t e d  i n d e n t e r s  a l o n g s i d e  
t h o s e  i n v o l v e d  i n  t h e  b a l l  t e s t .  T h i s  s e c t i o n  w i l l  be 
c o n c e r n e d  m a in ly  w i t h  t h e  pyramiidal i n d e n t e r  a s  most o f  t h e  
e x p e r i m e n t a l  work h as  been  done w i t h  th i s *  i n d e n t e r  ; t h e  same 
p r i n c i p l e s  can ,  however,  be  a p p l i e d  t o  a l l  s h a r p  p o i n t e d  
i n d e n t e r s .
For  any s h a rp  p o i n t e d  i n d e n t e r  t h e r e  i s  no i n i t i a l  
e l a s t i c  d e f o r m a t i o n  o f  t h e  s u r f a c e ,  as  t h e  r e g i o n  o f  f u l l
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p l a s t i c i t y  i s  r e a c h e d  f o r  t h e  s m a l l e s t  l o a d s .  The 
i n d e n t a t i o n s  a r e  a l l  g e o m e t r i c a l l y  s i m i l a r  and so ,  f o r  an 
i d e a l  m e t a l ,  t h e  mean p r e s s u r e  i s  i n d e p e n d e n t  o f  t h e  s i z e  o f  
t h e  i n d e n t a t i o n ,  and  o f  t h e  l o a d .  I t  i s  fo u n d  e x p e r i m e n t a l l y  
f o r  136^ diamond pyram id  i n d e n t a t i o n s  i n  a  f u l l y  w o rk -h a rd e n e d  
m e t a l ,  t h a t  t h e  mean i n d e n t a t i o n  p r e s s u r e  P r e m a in s  c o n s t a n t  
a t  a b o u t  3 . 2  t i m e s  t h e  y i e l d  s t r e s s  o f  t h e  m e t a l .  The 
D .P .H .  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  l o a d  to  t h e  s u r f a c e  
a r e a  o f  t h e  i n d e n t a t i o n ,  w h i l e  t h e  mean p r e s s u r e  P i s  
c a l c u l a t e d  f rom  t h e  p r o j e c t e d  a r e a .  The r a t i o  o f  t h e  
p r o j e c t e d  to  t h e  s u r f a c e  a r e a  f o r  a  diamond pyram id  
i n d e n t a t i o n  i s  O .927, h en ce
D .P .H .  ^  O.927XP ^  3 . 2x0 .927XY 
^  3Y.
By means o f  t h i s  f o rm u la  t h e  y i e l d  s t r e s s  o f  a  f u l l y  work-  
h a rd e n e d  m e ta l  may be d e r i v e d  f rom  i t s  h a r d n e s s  v a l u e .
Tabor  ( I931  b) h a s  a p p l i e d  t h e  above t r e a t m e n t  t o  m e t a l s  
t h a t  w o rk -h a rd e n ,  i n  t h e  f o l l o w i n g  way. A r e p r e s e n t a t i v e  
y i e l d  s t r e s s  Yp i s  d e f i n e d  by t h e  e q u a t i o n
D .P .H .  = 3 Yp
By a com par ison  o f  t h e  s t r e s s - s t r a i n  c u r v e s  and D . P . H . - s t r a i n  
c u r v e s  f o r  v a r i o u s  m a t e r i a l s  i t  i s  d ed u c e a  t h a t  t h e  defo rm ­
a t i o n  p roduced  by t h e  i n d e n t a t i o n  i s  e q u i v a l e n t  to  an 
a d d i t i o n a l  l i n e a r  s t r a i n  o f  ^ . Thus t h e  y i e l d  s t r e s s ,  as  
m e a s u re d  by t h e  D .P .H . i s  t h a t  f o r  a  s t r a i n  8^ g r e a t e r  th a n
3 2 .
t h e  specimen h a s  u n d e r g o n e .  A l th o u g h  i t  i s  n o t  s t r i c t l y  
v a l i d  to  add  l i n e a r  s t r a i n s  t h e  r e s u l t s  a r e  i n  good ag reem en t  
w i t h  t h e  s t r e s s - s t r a i n  c u r v e s  o f  t h e  m e t a l s .
The f a c t  t h a t  t h e  h a r d n e s s  i s  i n d e p e n d e n t  o f  t h e  l o a d  
f o r  py ram id  and  cone i n d e n t a t i o n s ,  i s  c o n v e n ie n t  i n  t h a t  t h e  
l o a d  f o r  t h e s e  t e s t s  n e e d  n o t  be s p e c i f i e d .  I t  i s  n o t  
p o s s i b l e ,  however,  t o  d e r i v e  any  i n f o r m a t i o n  a s  to  t h e  w ork-  
h a r d e n i n g  p r o p e r t i e s  o f  t h e  m e ta l  from t h e s e  t e s t s ,  a s  i t  i s  
f ro m  t h e  b a l l  t e s t .
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CHAPTER 3 .
SURFACE DISTORTIONS.
I n  t h i s  c h a p t e r  a  r e v i e w  o f  t h e  p r e v i o u s  work on t h e  
s p e c i f i c  a s p e c t s  o f  t h e  s t a t i c  i n d e n t a t i o n  h a r d n e s s  t e s t  
w h ic h  a r e  c o v e re d  by th e  p r e s e n t  work w i l l  be  g i v e n .  Each 
s e c t i o n  c o r r e s p o n d s  to  a  c h a p t e r  i n  P a r t  3 and t h e s e  a r e  
a r r a n g e d  i n  t h e  same o r d e r  f o r  c o n v e n i e n c e .
I n  t h e  l i t e r a t u r e  t h e  words i n d e n t a t i o n  and  i m p r e s s io n  
a r e  o f t e n  u s e d  r a t h e r  l o o s e l y .  I n  t h e  p r e s e n t  work 
i n d e n t a t i o n  r e f e r s  t o  t h e  p i t  i n  t h e  m e ta l  made by th e  
i n d e n t e r ,  w h i l e  i m p r e s s i o n  r e f e r s  t o  t h e  whole  o f  t h e  
d i s t o r t i o n ,  b o t h  t h e  i n d e n t a t i o n  and  t h e  f l o w  p a t t e r n .
3 .1  RIDGING AIxD SINKEnIG.
The d i s t o r t i o n s  o f  t h e  m e t a l  s u r f a c e  a r o u n d  h a r d n e s s  
t e s t  i n d e n t a t i o n s  have f o r  some t im e  been  c l a s s i f i e d  a s  
r i d g i n g  o r  s i n k i n g .  R i d g i n g  d e n o t e s  a  d i s t o r t i o n  o f  t h e  
m e t a l  above i t s  o r i g i n a l  l e v e l  c l o s e  to  t h e  i n d e n t a t i o n ,  w h i l e  
s i n k i n g  d e n o t e s  a  d i s t o r t i o n  below t h e  o r i g i n a l  l e v e l .
F i g s .  11 and  12 a r e  p h o to g r a p h s  and  d ia g ra m s  o f  r i d g i n g  and  
s i n k i n g  i m p r e s s i o n s .  As shown i n  f i g .  12b ,  i t  i s  g e n e r a l l y  
assum ed  t h a t  a t  some d i s t a n c e  f rom  t h e  i n d e n t a t i o n ,  f o r  a  
s i n k i n g  i m p r e s s i o n ,  t h e  m e t a l  i s  d i s t o r t e d  above t h e  i n i t i a l  
l e v e l .  I t  h a s  lo n g  been  e s t a b l i s h e d  t h a t  a n n e a l e d  m e t a l s  
g i v e  s i n k i n g  i m p r e s s i o n s ,  w h i l e  w o rk -h a rd e n e d  m e t a l s  g i v e  t h e
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D e fo rm a tio n  arou n d  th e  in d en ta tio n  p rod u ced  b y  a  sp h erica l in d en ter  : 
(o) ‘p il in g -u p ’ w h ich  is  ob serv ed  w ith  h ig h ly  w ork ed  m ater ia ls , (6) ‘s in k in g -in ’ 
w h ich  is o b served  w ith  a n n ea led  m ater ia ls . T h e  e ffec ts  h a v e  b een  ex a g g era ted  
to  sh ow  m ore c learly  th e  d e form ation  r e la tiv e  to  th e  orig ina l le v e l (d o tte d  lin e).
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r i d g i n g  t y p e .  F or  b a l l  a n d  cone i n d e n t e r s  t h i s  m e r e l y  means 
t h a t  t h e  r i m  o f  t h e  i n d e n t a t i o n  i s  above o r  below t h e  i n i t i a l  
s u r f a c e  l e v e l ,  t h i s  i s  n o t  t h e  c a s e ,  how ever ,  f o r  a  p y ra m id a l  
i n d e n t e r .  I f  a  p y ram id  i s  f o r c e d  i n t o  a  w o rk - h a r d e n e d  m e ta l  
t h e  m e t a l  w i l l  f lo w  up t h e  f a c e s  o f  t h e  i n d e n t e r  b u t  w i l l  be 
c o n s t r a i n e d  a t  t h e  c o r n e r s .  Hence t h e  r i d g i n g  w i l l  be 
c o n s i d e r a b l y  h i g h e r  a t  t h e  c e n t r e  o f  t h e  s i d e s  o f  t h e  
i n d e n t a t i o n  t h a n  a t  t h e  c o r n e r s ,  and  th u s  t h e  i n d e n t a t i o n  w i l l  
be  w id e r  a t  t h e  c e n t r e  o f  t h e  f a c e s  th a n  a t  t h e  c o r n e r s .
T h i s  c a u s e s  t h e  c h a r a c t e r i s t i c  b a r r e l  sh a p ed  i n d e n t a t i o n .
A s i m i l a r  a rg u m en t  f o l l o w s  f o r  t h e  s i n k i n g  t y p e  i m p r e s s i o n ,  
b u t  i n  t h i s  c a s e  t h e  s i n k i n g  i s  a  maximum a t  t h e  c e n t r e  o f  
t h e  f a c e s ,  g i v i n g  r i s e  to  a  p i n c u s h i o n  sh ap ed  i n d e n t a t i o n .
F i g . 13 i l l u s t r a t e s  t h e s e  t y p e s  o f  i n d e n t a t i o n . The 
d i s t o r t i o n s  a ro u n d  h a r d n e s s  t e s t  i n d e n t a t i o n s  a r e  o f t e n  
r e f e r r e d  to  i n  t h e  l i t e r a t u r e  a s  f l o w  p a t t e r n s ,  and  t h i s  
n o m e n c l a t u r e  w i l l  be f o l l o w e d  i n  t h e  p r e s e n t  w ork .
I n v e s t i g a t o r s  have  a lw a y s  e x p e r i e n c e d  some d i f f i c u l t y  i n  
m e a s u r in g  f lo w  p a t t e r n s .  A number o f  m e thods  have  b ee n  
em ployed  w i t h  v a r y i n g  d e g r e e s  o f  s u c c e s s .
' O ' N e i l l  and  G u t h b e r t s o n  ( 1 9 3 1 ) a t t e m p t e d  t o  m easu re  t h e  
r i d g i n g  by means o f  t h e  c o n v e x i t y  o f  b a r r e l  sh ap ed  diamond 
p y ra m id  i n d e n t a t i o n s .  T h i s  m ethod  i s  u n s a t i s f a c t o r y  a s ,  
a p a r t  f ro m  t h e  i n h e r e n t  d i f f i c u l t i e s  o f  a c c u r a t e  m e asu rem en t ,  
i t  h a s  been  shown (T o la n s k y  an d  N i c k o l s ,  1 9 5 2 ) t h a t  e l a s t i c  
r e c o v e r y  can  a f f e c t  t h e  sh a p e  o f  diamond p y ram id
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i n d e n t a t i o n s ,  i n  some o a s e s  c a u s i n g  r i d g i n g  to  be  a s s o c i a t e d  
w i t h  p i n c u s h i o n  sh ap ed  i n d e n t a t i o n s .
N o rb u ry  and  Samuel ( 1^ 2 8 ) m e a s u re d  t h e  p o s i t i o n  o f  t h e  
r i m  o f  t h e  i n d e n t a t i o n  r e l a t i v e  to  t h e  main s u r f a c e  l e v e l ,  
and  were  a b l e  to  c o r r e l a t e  t h i s  w i t h  t h e  w o rk * h a rd en ed  s t a t e  
o f  t h e  m e t a l . The m ethod  i s  shown d i a g r a m a t i o a l l y  i n  
f i g .  1 4 . T hey  f o u n d  t h a t  t h e  Meyer i n d e x  n was c o n n e c te d  
to  t h e  h e i g h t  o f  t h e  r i d g i n g ,  o r  t h e  d e p t h  o f  t h e  s i n k i n g ,  
e x p r e s s e d  a s  a  p e r c e n t a g e  o f  t h e  d e p t h  o f  t h e  i n d e n t a t i o n ,  
by  a  s t r a i g h t  l i n e  c o n n e c t i n g : -  n  = 2 . 0  3C^ r i d g i n g ,
n = 2 .3  r i d g i n g ,  n = 2 .6  3Q^  s i n k i n g .  These  r e s u l t s
a r e  o f  some i n t e r e s t ,  b u t  i t  i m s t  be b o rn e  i n  m ind  t h a t  t h e  
m e a su re m e n ts  were o f  t h e  p o s i t i o n  o f  t h e  r i m  o f  t h e  
i n d e n t a t i o n ,  an d  n o t  o f  t h e  f l o w  p a t t e r n .
A p robe  m ethod  was u s e d  by  F o s s  and  B r u m f ie l d  (1 9 2 2 ) 
to  m e asu re  b o t h  i n d e n t a t i o n s  and  f lo w  p a t t e r n s ,  an d  a  s i m i l a r  
m e thod  h a s  r e c e n t l y  been  em ployed by Y a k u to v ic h ,  Vandyshev 
an d  S u r i k o v a  ( 1 9 4 8 ) .  A p r o b e ,  a t t a c h e d  t o  an  a c c u r a t e  d i a l  
g a u g e ,  i s  lo w e r e d  u n t i l  i t  makes e l e c t r i c a l  c o n t a c t  w i t h  t h e  
s u r f a c e  under  s t u d y .  By means o f  a  t r a v e r s i n g  mechanism and 
t h e  d i a l  r e a d i n g ,  a  s e c t i o n  o f  t h e  s u r f a c e  may be f o u n d .
T h i s  m ethod  i s  s a t i s f a c t o r y  f o r  m e a s u r in g  l a r g e  i n d e n t a t i o n s  
( c h o r d a l  d i a n je t e r  g r e a t e r  th a n  1m m .) , b u t  i t  i s  n o t  
s u f f i c i e n t l y  a c c u r a t e  f o r  i n d e n t a t i o n s  s m a l l e r  t h a n  t h i s .
Krupkowski (1 9 3 1 ) c a l c u l a t e d  f lo w  p a t t e r n s  f o r  b a l l  and  
cone  i n d e n t a t i o n s  i n  w o rk - h a r d e n e d  c o p p e r ,  f ro m  m easu rem en ts
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o f  t h e  d i a m e t e r  a n d  d e p t h  o f  t h e  i n d e n t a t i o n ,  and  t h e  d e p t h  
o f  p e n e t r a t i o n  o f  t h e  i n d e n t e r  . He assumed t h a t  t h e  f lo w  
p a t t e r n s  had  t h e  shape  shown i n  f i g .  1 5 ,  and  t h a t  t h e  volume 
o f  t h e  f lo w  p a t t e r n  was e q u a l  to  t h a t  o f  t h e  i n d e n t a t i o n ,  
n e i t h e r  o f  w h ich  a s s u m p t io n s  a r e  t r u e  i n  g e n e r a l .  However, 
h i s  r e s u l t s  showed t h a t  t h e  f l o w  p a t t e r n  i n c r e a s e d  i n  h e i g h t  
and  d e c r e a s e d  i n  e x t e n t ,  a s  t h e  m e t a l  was s u c c e s s i v e l y  c o l d  
w o rk e d .  He o b t a i n e d  a  v a l u e  o f  w o r k - h a r d e n i n g  o f  4^ 
r e d u c t i o n  i n  a r e a ,  w h ich  marked  t h e  t r a n s i t i o n  be tw een  t h e  
p r o d u c t i o n  o f  t h e  r i d g i n g  an d  s i n k i n g  t y p e s  o f  h a r d n e s s  t e s t  
i m p r e s s i o n .
T o la n s k y  an d  N i c k o l s  ( I9 4 9  a  & b ,  I9 3 2 )  a p p l i e d  m u l t i p l e  
beam i n t e r f e r o m e t r i c  m e thods  t o  t h e  m easurem ent  o f  h a r d n e s s  
t e s t  i m p r e s s i o n s .  T h ese  m ethods  r e v e a l  t h e  sh ap e  o f  t h e  w ho le  
s u r f a c e ,  and  can m easu re  f l o w  p a t t e r n s  whose h e i g h t s  a r e  a s  
s m a l l  a s  O.05 m i c r o n s .  T o l a n s k y  an d  N i c k o l s  m e a su re d  f lo w  
p a t t e r n s  a r o u n d  i n d e n t a t i o n s  i n  t u n g s t e n  c a r b i d e ,  v a r i o u s  
s t e e l s ,  d u ra lu m in iu m ,  a n d  s i n g l e  c r y s t a l s  o f  t i n .  They fo u n d  
t h a t  p i n c u s h i o n  sh ap ed  diamond p y ram id  i n d e n t a t i o n s  c o u l d  be 
c a u s e d  by e l a s t i c  r e c o v e r y  a n d  so w ere  n o t  n e c e s s a r i l y  
i n d i c a t i v e  o f  s i n k i n g .  They a l s o  r e p o r t e d  t h a t  t h e  f l o w  
p a t t e r n s  c a u s e d  by v a r i o u s  s i z e d  diamond p y ram id  i n d e n t a t i o n s  
i n  s t e e l  w ere  g e o m e t r i c a l l y  s i m i l a r .  T h e i r  m e asu rem en ts  
on t i n  c r y s t a l s  r e v e a l  a  r i d g i n g  i n  one d i r e c t i o n  on t h e  
c r y s t a l  f a c e  and  a  s i n k i n g  i n  a n o t h e r  d i r e c t i o n .  The r i d g i n g
3^d  s i n k i n g  d i r e c t i o n s  a r e  c o n n e c t e d  w i t h  t h e  c r y s t a l l o g r a p h i c
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axes  o f  t h e  c r y s t a l .  From a more d e t a i l e d  s tu d y  o f  t h e  f lo w  
p a t t e r n s  o f  t i n  and  b i s m u th  c r y s t a l s ,  u s i n g  a  d o u b le  cone 
i n d e n t e r  wiiich r e v e a l s  d i r e c t i o n a l  h a r d n e s s ,  W i l l i a m s  ( I9 5 3 )  
h a s  shown t h a t  t h e  r i d g i n g  and  s i n k i n g  d i r e c t i o n s  r e m a in  
f i x e d  a s  t h e  i n d e n t e r  i s  r o t a t e d ,  and  t h a t  t h e  v a r i a t i o n  o f  
h a r d n e s s  v a l u e  o b s e r v e d ,  and  t h e  f lo w  p a t t e r n  sh a p e ,  can be 
e x p l a i n e d  by t h e  c r i t i c a l  s h e a r  s t r e s s e s  o f  t h e  s l i p  p l a n e s  
i n  t h e  c r y s t a l •
R e f e r e n c e  was made i n  C h a p te r  2 to  t n e  t h e o r e t i c a l  
a n a l y s i s  o f  B ish o p ,  H i l l  and  M o t t  f o r  an i n f i n i t e l y  l o n g  
wedge i n d e n t i n g  an i d e a l  p l a s t i c - r i g i d  b o d y .  The a s s o c i a t e d  
d i s t o r t i o n  o f  t h e  s u r f a c e ,  o r  f lo w  p a t t e r n ,  was shown i n  
f i g . 9 * D u g d a le  ( 1 9 5 3 ) k a s  p e r fo rm e d  some wedge i n d e n t a t i o n  
e x p e r i m e n t s  on w o rk - h a r d e n e d  m e t a l s  and  i i i s  r e s u l t s  a g r e e  
q u i t e  w e l l  w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n s .  He f i n d s ,  
ho w ev e r ,  t h a t  t h e  f lo w  p a t t e r n s  a r e  n o t  r e c t i l i n e a r  a s  
p r e d i c t e d ,  b u t  c u rv e d  a t  D and  G and  r a t h e r  more e x t e n d e d  
t h a n  t h e  t h e o r y  s u g g e s t s .  He a s c r i b e s  t h e s e  e f f e c t s  to  t h e  
s l i g h t  w o r k - h a r d e n i n g  c a p a c i t y  o f  t h e  c o l d  w orked  m a t e r i a l ,  
and  d o es  n o t  c o n s i d e r  t h a t  f r i c t i o n  p l a y s  a  v i t a l  p a r t  i n  
i n f l u e n c i n g  t h e  f low ' p a t t e r n  s h a p e .
A q u a l i t a t i v e  e x p l a n a t i o n  o f  t h e  f o r m a t i o n  o f  f lo w  
p a t t e r n s  h a s  b een  g iv e n  by  Tabor  ( 195W &nd t h i s  i s  i l l u s t r a t e d  
i n  f i g .  1 6 .  I n  a  w o rk - h a r d e n e d  m e ta l  t h e  r i d g e  i s  fo rm e d  
b e c a u s e  t h e  m a t e r i a l  h a s  to  be  d i s p l a c e d  an d  p a r t  o f  t h e  
d i s p l a c e d  m e t a l  f l o w s  up t h e  f a c e  o f  t h e  i n d e n t e r  ( f i g .  l 6 a )  .
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The mechanism f o r  a  f u l l y  a n n e a l e d  m e ta l  i s ,  how ever,  
s t r i k i n g l y  d i f f e r e n t .  When t h e  i n d e n t e r  f i r s t  b e g i n s  to  
s i n k  i n t o  t h e  m e t a l ,  t h e  m e t a l  a d j a c e n t  t o  t h e  i n d e n t e r  
becomes m a rk e d ly  w o rk - h a r d e n e d  r e l a t i v e  t o  t h e  und e fo rm ed  
m e t a l  f a r t h e r  away ( f i g . I b b ) . When t h e  i n d e n t e r  s i n k s  i n  
f a r t h e r  i t  c a r r i e s  w i t h  i t  t h e  s u r r o u n d i n g  m e t a l  which  a c t s  
a s  an e n l a r g e d  i n d e n t e r ,  and  d e fo rm s  t h e  m e ta l  s t i l l  f a r t h e r  
away from  t h e  i n d e n t e r  ( f i g .  l 6 c ) . Thus t h e  d i s p l a c e d  m e t a l  
a p p e a r s  to  move away f ro m  t h e  i n d e n t e r . T h i s  r e s u l t s  i n  a  
d e p r e s s i o n  o f  t h e  m e ta l  i m m e d ia t e l y  a d j a c e n t  to  t h e  i n d e n t e r  
a n d  a  s l i g h t  e l e v a t i o n  a t  some d i s t a n c e .  ( f i g .  l 6 d ) .
Heyer  ( 19 3 7 ) s t u d i e d  t h e  p ro b le m  o f  r i d g i n g  and  s i n k i n g  
i n  t e rm s  o f  t h e  s t r e s s  d i s t r i b u t i o n  a ro u n d  t h e  i n d e n t a t i o n .
He fo u n d  t h a t  i n  most c a s e s  s i n k i n g  was a s s o c i a t e d  w i t h  
r e l a t i v e  w eakness  o f  t h e  m e t a l  i n  s h e a r ,  a s  m e a s u re d  by t h e  
r a t i o  o f  i t s  s h e a r  to  i t s  c o m p re s s iv e  y i e l d  s t r e s s .  R i d g i n g  
was a s s o c i a t e d  w i t h  a  h i g h  v a l u e  o f  t h i s  r a t i o .  He a l s o  
r e p o r t e d  t h a t  r e l a t i v e l y  l a r g e  u n d e r l y i n g  s h e a r  d e f o r m a t i o n s  
w ere  a s s o c i a t e d  w ibh  s i n k i n g  i m p r e s s i o n s ,  v /h i le  r e l a t i v e l y  
l a r g e  s u r f a c e  c o m p re s s io n s  were  a s s o c i a t e d  w i t h  r i d g i n g .
From t h e  work r e p o r t e d  i n  t n i s  s e c t i o n  i t  may s a f e l y  be 
c o n c l u d e d  t h a t  t h e  shape  o f  t n e  f lo w  p a t t e r n  i s  v e r y  l a r g e l y  
d e p e n d e n t  on t h e  w o r k - h a r d e n i n g  c a p a c i t y  o f  t h e  m e t a l .
F o r  an i d e a l  m e t a l  w i t h  no w o r k - h a r d e n i n g  c a p a c i t y  t h e  f lo w  
p a t t e r n  i s  a  compact r i d g e . As t h e  w o rk - h a r d e n in g  c a p a c i t y
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i n c r e a s e s  t h e  r i d g i n g  becomes more e x t e n d e d  u n t i l  i t  assum es  
t h e  c h a r a c t e r i s t i c  shape  g e n e r a l l y  r e f e r r e d  to  a s  s i n k i n g .
3 .2  VODJME Off FLOW PATTERN .
I n  v iew o f  t h e  e a s e  w i t h  w h ich ,  h a v in g  m e a s u re d  t h e  
shape  o f  a  f lo w  p a t t e r n ,  i t s  volume may be fo u n d  and  compared 
w i t h  t h e  volume o f  t h e  i n d e n t a t i o n ,  i t  i s  n o t e w o r t h y  t h a t  
o n l y  two s e t s  o f  w o rk e r s  have r e p o r t e d  su ch  volume c o m p a r i s o n s .  
Y a k u t o v i c h ,  Vandyshev an d  S u r i k o v a  ( 1948) f o u n d  t h a t  f o r  cone 
i n d e n t a t i o n s  i n  Aluminium, C opper ,  D u ra lu m in ,  Armco i r o n ,  
an d  two a l l o y  s t e e l s ,  t h e  volumes o f  t h e  f lo w  p a t t e r n s ,  
m e a s u re d  w i t h  a  p ro b e  i n s t r u m e n t ,  were  e q u a l  t o  t h e  vo lum es  
o f  t h e  i n d e n t a t i o n s  to  w i t h i n  4^ . T h i s  seems to  oe i n  d i r e c t  
c o n t r a d i c t i o n  to  t h e  work o f  T o la n s k y  and  N i c k o l s  (1952) who 
r e p o r t e d  t h a t  f o r  a  cone i n d e n t a t i o n  i n  a  n i c k e l - c h r o m i u m -  
molybdenum a l l o y  s t e e l ,  t h e  volume o f  t h e  f lo w  p a t t e r n ,  
m e a s u re d  i n t e r f e r o m e t r i c a l l y ,  was o n l y  1 ^  o f  t h e  volume o f  
t h e  i n d e n t a t i o n .  I n  t h i s  c a l c u l a t i o n  no a c c o u n t  was t a k e n  
o f  t h e  f a c t  t h a t  t h e  i n d e n t e r  d i d  n o t  have a  s h a r p  p o i n t e d  
t i p ,  o r  o f  t h e  e l a s t i c  r e c o v e r y  o f  t h e  i n d e n t a t i o n .  I f  
t h e s e  e f f e c t s  had  been  t a k e n  i n t o  a c c o u n t  t h e  f i g u r e  m ig h t  
have  been  i n c r e a s e d  by a  f a c t o r  o f  two b u t  even t h i s  c o u ld  
n o t  a c c o u n t  f o r  t h e  l a r g e  d i s c r e p a n c y  between t h e  two 
v o lu m e s .
T hese  two s e t s  o f  r e s u l t s  c a n n o t  be s t r i c t l y  compared 
a s  t h e  fo rm e r  s e t  o f  w o rk e r s  m e asu red  i n d e n t a t i o n s  whose
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v o lum es  were some 10“' ^ g . g .  T o la n s k y  and  h i o k o l s ,  how ever ,  
m e a s u re d  i n d e n t a t i o n s ,  o f  volume some 3 x 10 "^o.o. Thus 
t h i s  a p p a r e n t  l o s s  o f  volume o f  m e ta l  may be an e f f e c t  w h ich  
i s  o n ly  n o t i c e a b l e  f o r  s m a l l  i n d e n t a t i o n s  ( c h o r d a l  d i a m e t e r  
0 . 2  mm.)
3 . 3  sHALLomsia.
I t  h a s  a l r e a d y  b ee n  p o i n t e d  o u t  t h a t  t h e  d e f o r m a t i o n  
a s s o c i a t e d  w i t h  a  h a r d n e s s  t e s t  i n d e n t a t i o n  i s  b o t h  p l a s t i c  
an d  e l a s t i c  i n  n a t u r e .  The p l a s t i c  p r o p e r t i e s  o f  a  m a t e r i a l  
d e t e r m i n e  to  a  g r e a t  e x t e n t  i t s  h a r d n e s s  b e h a v i o u r ;  how ever ,  
t h e  e l a s t i c  p r o p e r t i e s  a r e  i n v o l v e d  i n  a  number o f  seco n d  
o r d e r  e f f e c t s  w h ich  may n o t  be o m i t t e d  f ro m  a f u l l  d i s c u s s i o n  
o f  t h e  h a r d n e s s  t e s t .  #hen e q u i l i b r i u m  h a s  been  r e a c h e d  i n  
t h e  i n d e n t a t i o n  p r o c e s s  t h e  l o a d  i s  s u p p o r t e d  by t h e  e l a s t i c  
s t r e s s e s  i n  t h e  m e t a l . I f  t h e  i n d e n t a t i o n  i s  exam ined  a f t e r  
t h e  l o a d  h a s  been  rem oved,  i t  i s  fo u n d  to  have  a  d i f f e r e n t  
shape  to  t h a t  o f  t h e  i n d e n t e r .  T i i i s  change o f  s h a p e ,  w h ich  
i s  u s u a l l y  o b s e r v e d  a s  a  d e c r e a s e  i n  d e p t h  o f  t h e  i n d e n t a t i o n ,  
i s  r e f e r r e d  to  i n  t h e  l i t e r a t u r e  a s  s h a l l o w i n g  o r  r e c o v e r y .  
S h a l l o w i n g  h a s  been  a t t r i b u t e d  t o  t h e  r e l e a s e  o f  t h e  e l a s t i c  
s t r e s s e s  i n  t h e  m e ta l  s p e c im e n .  R e c o v e re d  b a l l  i n d e n t a t i o n s  
a r e  f o u n d  to  be p r a c t i c a l l y  s p h e r i c a l  b u t  w i t h  a  r a d i u s  o f  
c u r v a t u r e  g r e a t e r  t h a n  t h a t  o f  t h e  i n d e n t e r ,  w h i l s t  r e c o v e r e d  
cone i n d e n t a t i o n s  have a  g r e a t e r  i n c l u d e d  a n g l e  t h a n  t h e  
c o n i c a l  i n d e n t e r .
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F o s s  and  B r u m f ie ld  (1922) i n  a  c a r e f u l  m e c h a n ic a l  
e x p l o r a t i o n  o f  r e c o v e r e d  b a l l  i n d e n t a t i o n s  f o u n d  t h a t  t h e y  
w e re  s y m m e t r i c a l  and  o f  s p h e r i c a l  fo rm  b u t  t h a t  t h e i r  r a d i i  
o f  c u r v a t u r e  m ig h t ,  f o r  h a r d  m e t a l s ,  be a s  much a s  t i i r e e  t i m e s  
a s  l a r g e  a s  t h a t  o f  t h e  i n d e n t e r  .
N o rb u ry  and  Samuel ( I 9 2 8 )  f o u n d  t h a t  f o r  a  g iv e n  m e ta l  
t h e  p r o d u c t  o f  t h e  p r o p o r t i o n  o f  t h e  d e p t h  u n d e r  l o a d  r e c o v e r e d  
on rem o v a l  o f  t h e  l o a d ,  a n d  t h e  d i a m e t e r  o f  t h e  i n d e n t a t i o n ,  
was p r a c t i c a l l y  i n d e p e n d e n t  o f  t h e  s i z e  o f  t h e  i n d e n t a t i o n .
T h a t  i s
ho -  h  ^ ^
— 55—  X d  = C o n s t a n t
w here  ho i s  t h e  d e p t h  u n d e r  l o a d ,  h  t h e  r e c o v e r e d  d e p t h ,  and 
d  t h e  d i a m e t e r  o f  t h e  i n d e n t a t i o n .
T ab o r  ( I9 4 8 )  a r g u e d  t h a t  i f  t h e  r e c o v e r y  were  e l a s t i c  i t  ' 
s h o u l d  be  r e v e r s i b l e .  T h a t  i s  t o  s a y ,  i f  t h e  i n d e n t e r  i s  
r e p l a c e d  i n  t h e  r e c o v e r e d  i n d e n t a t i o n  and  t h e  o r i g i n a l  l o a d  
a p p l i e d ,  t h e  s u r f a c e s  s h o u l d  defo rm  e l a s t i c a l l y ,  an d  on 
rem o v in g  t h e  l o a d  a g a i n  t h e  d i a m e t e r  and  c u r v a t u r e  o f  t h e  
r e c o v e r e d  i n d e n t a t i o n  s h o u ld  be u n c h a n g e d .  I n  o r d e r  to  t e s t  
t h i s  he made i n d e n t a t i o n s  w i t h  h a r d  s t e e l  b a l l s  o f  v a r i o u s  
d i a m e t e r s ,  and  a  r a n g e  o f  l o a d s ,  i n  a  s e r i e s  o f  m e t a l  
s p e c im e n s .  The d i a m e t e r s  o f  t h e  i n d e n t a t i o n s  and  t h e i r  
r a d i i  o f  c u r v a t u r e  were  m e a su re d  a f t e r  1 ,  2 ,  3 21^  ^ 5 o y o H o  
a p p l i c a t i o n s  o f  t h e  l o a d .  The i n d e n t a t i o n s  were  fo u n d  to  
r e m a in  e s s e n t i a l l y  u n a l t e r e d  i n  d i a m e t e r  an d  c u r v a t u r e  a f t e r  
t h i s  t r e a t m e n t .
Normal
Pressure
%
edgeCdge Centre
IVrssuro (ïistrihntion'over circle of contact for a métal 
<leform«Hl hy a spherical indenter. Full line, elastic deformation 
(Hertz); broken line, plastic deformation (Ishlinsky).
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Thus t h e  r e c o v e r y  o f  i n d e n t a t i o n s  may be t a k e n  t o  be 
t r u l y  e l a s t i c . Tabor  went on to  show t h a t  H e r t z ’ s c l a s s i c a l  
e q u a t i o n s  f o r  t h e  e l a s t i c  d e f o r m a t i o n  o f  s p h e r i c a l  s u r f a c e s  
c o u l d  be a p p l i e d  t o  t n i s  p r o c e s s . The e q u a t i o n s  c o n n e c t  
t h e  d i a m e t e r  o f  t h e  i n d e n t a t i o n ,  t h e  l o a d ,  t h e  r a d i i  o f  
c u r v a t u r e  o f  t h e  i n d e n t e r  and  i n d e n t a t i o n  and  t h e  e l a s t i c  
p r o p e r t i e s  o f  t h e  i n d e n t e r  and  m e t a l .  Thus f o r  b a l l  
i n d e n t a t i o n s  t h e  r e c o v e r y  can be e x p l a i n e d  on t h e  b a s i s  o f  
s im p le  c l a s s i c a l  t h e o r y .
3 .4  IhdEhTATiOh SHAPE.
V a r i o u s  w o rk e rs  have  i n v e s t i g a t e d  t h e  sh ap e  o f  r e c o v e r e d  
b a l l  i n d e n t a t i o n s  and  f o u n d  them t o  be s p h e r i c a l .  Thus 
B a t s o n  ( I 9 I 8 )  and  F o ss  and  B r u m f i e l d  ( I9 2 2 )  w ere  a b l e ,  a f t e r  
f i n d i n g  t h e  i n d e n t a t i o n s  s p n e r i c a l ,  to  m easu re  t h e i r  r a d i i  
o f  c u r v a t u r e .  An e x p l a n a t i o n  o f  t h e  f a c t  t h a t  r e c o v e r e d  
b a l l  i n d e n t a t i o n s  a r e  s p h e r i c a l  h a s  been  p r o p o s e d  by Tabor  
(1951 b) on t h e  b a s i s  o f  t h e  H e r t z  c l a s s i c a l  e l a s t i c  e q u a t i o n s  
an d  some r e c e n t  t n e o r e t i c a l  work by  I s h l i n s k y  ( 1 9 4 4 ) .
The H e r t z i a n  a n a l y s i s  g i v e s  a  u n iq u e  s o l u t i o n  f o r  t h e  
p r e s s u r e  d i s t r i b u t i o n  be tw een  two s o l i d s ,  w h ich  w i l l  defo rm  
a  f l a t  s u r f a c e  t o  a p o r t i o n  o f  a  s p h e r e  o r  a  s p h e r i c a l  s u r f a c e  
t o  a s p h e re  o f  d i f f e r e n t  r a d i u s .  T h i s  p r e s s u r e  d i s t r i b u t i o n  
i s  shown i n  f i g .  I7  a s  a  f u l l  l i n e .  I s h l i n s k y ' s  a n a l y s i s  
o f  t h e  b a l l  i n d e n t a t i o n  t e s t  was r e f e r r e d  t o  i n  C h a p t e r  2 . 
U s i n g  t h e  Haar-Karman c r i t e r i o n  o f  p l a s t i c i t y  he d e t e r m i n e d
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a n a l y t i o a l l y  t h e  p r e s s u r e  be tv/e en a  s p h e r i c a l  i n d e n t e r  and  
t h e  i n d e n t a t i o n  under  c o n d i t i o n s  o f  f u l l  p l a s t i c i t y .  T h i s  
i s  shown a s  a  d o t t e d  l i n e  i n  f i g .  I 7  and  i s  e s s e n t i a l l y  t h e  
p r e s s u r e  d i s t r i b u t i o n  o p e r a t i v e  d u r i n g  t h e  p l a s t i c  d e f o r m a t i o n  
o f  a m e t a l - b y  a  s p h e r i c a l  i n d e n t e r .  The p r e s s u r e  
d i s t r i b u t i o n  i n v o l v e d  i n  t h e  p l a s t i c  f o r m a t i o n  o f  t h e  
i n d e n t a t i o n  i s  s i m i l a r  to  t h a t  i n v o l v e d  i n  t h e  e l a s t i c  
d e f o r m a t i o n  o f  s p h e r i c a l  s u r f a c e s .  Hence when th e  l o a d  i s  
rem oved  t h e  s t r e s s e s  w h ich  a r e  r e l e a s e d  w i l l  de fo rm  th e  
i n d e n t a t i o n  i n  a  manner s i m i l a r  to  t h a t  i n v o l v e d  i n  t h e  
e l a s t i c  d e f o r m a t i o n  o f  s p h e r i c a l  s u r f a c e s ,  and  t h e  r e c o v e r e d  
i n d e n t a t i o n  w i l l  be v e r y  n e a r l y  s p h e r i c a l .  T h i s  would n o t  
be  t h e  c a s e  i f  t h e  two p r e s s u r e  d i s t r i b u t i o n s  w ere  w id e l y  
d i f f e r e n t .  S i n c e  i t  i s  known t h a t  r e c o v e r e d  b a l l  i n d e n t a t i o n s  
a r e  e s s e n t i a l l y  s p h e r i c a l ,  t h e  p l a s t i c  p r e s s u r e  d i s t r i b u t i o n  
m u s t  be v e r y  c l o s e  to  t h a t  g iv e n  by I s h l i n s k y .  T h u s , even 
th o u g h  t h e  Haar-Karman c r i t e r i o n  i s  n o t  v a l i d  p h y s i c a l l y  i t  
does  g i v e  r e s u l t s  which  a r e  i n  q u i t e  good a c c o r d  w i t h  
e x p e r i m e n t .
3 -5. CRITICAL SPEGIiViEh SIZE.
I f  t h e  r a t i o  o f  t h e  s i z e  o f  t h e  t e s t  spec im en  to  t h e  s i z e  
o f  t h e  i n d e n t a t i o n  i s  r e d u c e d  a  p o i n t  w i l l  be r e a c h e d  when 
t h e  h a r d n e s s  t e s t  i s  no l o n g e r  v a l i d .  T h i s  i s  r e v e a l e d  by 
a  d ro p  i n  t h e  h a r d n e s s  v a l u e  an d  a  s l i g h t  d i s t o r t i o n  o f  t h e  
s p e c im e n .  The specim en th e n  no l o n g e r  a c t s  a s  a  s e m i - i n f i n i t e
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b l o c k . T h i s  c r i t i c a l  spec im en  s i z e  f o r  a  v a l i d  h a r d n e s s  
t e s t  i s  o f  im p o r t a n c e  b o th  t h e o r e t i c a l l y  and  p r a c t i c a l l y .
Moore ( I9 0 9 )  s t a t e d  t h a t  t h e  c e n t r e  o f  a  b a l l  
i n d e n t a t i o n  s h o u ld  be a t  l e a s t  2 . 5  t im e s  t h e  d i a m e t e r  o f  t h e  
i n d e n t a t i o n  f rom  t h e  edge o f  t h e  spec im en ,  and  t h a t  t h e  
spec im en  t h i c k n e s s  s h o u ld  be a t  l e a s t  seven  t i m e s  t h e  d e p t h  
o f  t h e  i n d e n t a t i o n .  H an k in s  and  A ldous  (1 9 3 4 ) m e a su re d  
t h e  v a r i a t i o n  o f  h a r d n e s s  w i t h  spec im en  s i z e  f o r  b o t h  b a l l  and  
d iam ond p y ram id  i n d e n t a t i o n s .  They came to  s i m i l a r  
c o n c l u s i o n s  t o  Moore c o n c e r n i n g  t h e  w i d t h  o f  t h e  spec im en ,  
b u t  f o u n d  t h a t  t h e  c r i t i c a l  t h i c k n e s s  f o r  b a l l  i n d e n t a t i o n s  
v a r i e d  c o n s i d e r a b l y  w i t h  t h e  m a t e r i a l .  S i x  t im e s  t h e  
i n d e n t a t i o n  d e p t h  was r e q u i r e d  f o r  m i l d  s t e e l ,  f i f t e e n  t im e s  
f o r  c o p p e r  and  tw e n ty  t i m e s  f o r  s p r i n g  s t e e l .  The c r i t i c a l  
t h i c k n e s s  f o r  diamond pyraû i id  i n d e n t a t i o n s  was f o u n d  to  be
1 . 5  t i m e s  t h e  d i a g o n a l  o f  t h e  i n d e n t a t i o n  f o r  most m a t e r i a l s .
i
T h e se  c o n c l u s i o n s  a r e  g e n e r a l l y  a c c e p t e d  and  a r e  embodied i n  
t h e  s t a n d a r d  s p e c i f i c a t i o n s .
H i l l  (1950)  a p p r o a c h e d  t h e  p ro b lem  t h e o r e t i c a l l y . He
c o n s i d e r e d  t h e  c a s e  o f  an i n f i n i t e l y  lo n g  wedge o r  punch  
i n d e n t i n g  an i d e a l  p l a s t i c  r i g i d  body and  c a l c u l a t e d  t h e  
e f f e c t  o f  t h e  w i d t h  and  t h i c k n e s s  o f  t h e  s p e c im e n .  The 
v a l u e s  o b t a i n e d  f o r  c r i t i c a l  w i d t h  and  t h i c k n e s s  a r e  o f  
l i m i t e d  a p p l i c a t i o n  owing t o  t h e  tw o - d im e n s io n a l  c a s e  
c o n s i d e r e d .  The i n t e r e s t i n g  c o n c l u s i o n ,  f ro m  t h e  p o i n t  o f  
v ie w  o f  t h e  p r e s e n t  w ork ,  i s  t h e  mechanism o f  d e f o r m a t i o n
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TENSILE STRENGTH— 1000 LBS-PSI
4 5 .
i n v o l v e d  when t h e  i n d e n t a t i o n  i s  n e a r  an e d g e .  T h i s  i s  
i l l u s t r a t e d  i n  f i g . 1 8 . The s o l i d  o lo c k  ooanded  by th e  
d o t t e d  l i n e  CN i s  f o u n d  to  r o t a t e  a o o u t  t h e  l i n e  KLivi a s  
shown by th e  a r r o w .  V a l u e s  o f  t h e  o r i t i o a l  w i d t h  and  t h e  
d im e n s io n s  o f  t h e  b lo c k  a r e  g i v e n  f o r  a  s e r i e s  o f  i n d e n t e r  
a n g l e s .  D u g d a le  (1953)  i n d e n t e d  v a r i o u s  w o rk -h a rd e n e d  
m e t a l s  w i t h  wedge i n d e n t e r s  and  v e r i f i e d  H i l l ' s  v a l u e s  f o r  
o r i t i o a l  w i d t n .  He d i a  n o t  however s tu d y  th e  mode o f  
d e f o r m a t i o n .  d r e e n  ( 1 9 5 f )  m e a su re d  th e  d e f o r m a t i o n  o f  a  
c l o c k  o f  p l a s t i c i n e  c a u s e d  by i n d e n t i n g  i t  w i t n  a  f l a t  punch  
and  fo u n d  t h a t  t h e  mode o f  d e f o r m a t i o n  a g r e e d  w e l l  w i t h  t h e  
t h e o r e t i c a l  p r e d i c t i o n s .
3 .6  DEFQRMATIOn Ok INDEi^TEH.
An i n d e n t e r  w i l l  a lw a y s  defo rm  e l a s t i c a l l y ,  and  on 
o c c a s i o n  p l a s t i c a l l y  d u r i n g  th e  i n d e n t a t i o n  p r o c e s s .  I f  
p l a s t i c  d e f o r m a t i o n  o c c u r s  s p u r i o u s  h a r d n e s s  numbers  w i l l  
r e s u l t .  V a r i o u s  w o rk e rs  have  m easu red  t h e  p l a s t i c  deform ­
a t i o n  o f  i n d e n t e r s ,  i n  p a r t i c u l a r  s p h e r i c a l  i n d e n t e r s ,  and  
a body o f  e x p e r i m e n t a l  f a c t  h a s  been b u i l t  u p .  A l l  
d e t e r m i n a t i o n s  o f  t n e  p e rm a n en t  d e f o r m a t i o n  o f  b a l l  i n d e n t e r s  
dep e n d  on m easu rem en ts  o f  t h e i r  p o l a r  d i a m e t e r . T h i s  w i l l  
d e c r e a s e  i f  t h e  b a l l  i s  p e r m a n e n t ly  d e fo rm e d .  S’t r i b e c k  ( I 9 0 I )  
d e t e c t e d  t h e  d e f o r m a t i o n  and  B a tso n  ( I 9 I 8 )  and  H u l t g r e n  ( 1 9 2 4 ) 
m e a s u re d  th e  d e c r e a s e  i n  t h e  p o l a r  d i a m e t e r  o f  10 mm. s t e e l  
b a l l s  a f t e r  i n d e n t i n g  v a r i o u s  m a t e r i a l s  w i t h  a  3»000 k g .  l o a d .
4 6 .
They  f o u n d  t h a t  t h e  d e f o r m a t i o n  d e p en d ed  on t h e  h a r d n e s s  o f  
t h e  i n d e n t e r  and  t h e  m a t e r i a l  i n d e n t e d ,  and  t h a t  c o l d -w o r k e d  
D a l i s  d i d  n o t  de fo rm  so r e a d i l y  o r  to  su c h  a  l a r g e  e x t e n t  a s  
n o rm a l  b a l l s . M a i l a n d e r  ( I 9 2 5 )  c o n s i d e r e d  t h a t  t h e  i n d e n t e r  
s h o u l d  be I . 7  t im e s  a s  n a r d  a s  t h e  t e s t  p i e c e ,  h a r d  s t e e l  
b a l l s  n o t  g i v i n g  r e l i a b l e  r e s u l t s  on sp e c im e n s  whose B.H.N. 
was g r e a t e r  t h a n  450 t o  5 0 0 . From p u r e l y  t h e o r e t i c a l  p l a s t i c  
c o n s i d e r a t i o n s  Tabor  (1951 b) d e r i v e d  a  c r i t i c a l  v a l u e  o f
2 . 5  f o r  t h e  r a t i o  o f  t h e  B .H .N . o f  t h e  i n d e n t e r  to  t h a t  o f  
t h e  m e t a l .  Thus t h e  b a l l s  u s e d  In  B r i n e l l  h a r d n e s s  t e s t s ,  
w h ic h  have  a  h a r d n e s s  number o f  some 9OO k g . / s q . m m . ,  s h o u ld  
n o t  be  u s e d  on m e t a l s  wnose h a r d n e s s  number i s  g r e a t e r  t h a n  
400 k g . / s q .m m .  G-raphs o f  t h e  B. H. N. a s  m e a s u re d  w i t h  a  
h a r d  s t e e l  b a l l  (B .H .N. 90O) and  a T u n g s t e n  C a rb id e  b a l l  
(B .H .N .  1 ,5 0 0 )  a r e  shown i n  f i g . I 9 .  The d i f f e r e n c e  i n  
v a l u e s  i s  due to  t h e  p l a s t i c  d e f o r m a t i o n  o f  t h e  s t e e l  b a l l .
P A R T  2
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4 .1  HAi-iDNESS TESTING EqdlPkElMT.
H a r d n e s s  T e s t e r s .
The m ach ine  u s e d  f o r  making most o f  t h e  i n d e n t a t i o n s  was 
a  P e n e t r a s c o p e  p o r t a b l e  h a r d n e s s  t e s t e r .  T h i s  i n s t r u m e n t
i s  c a p a b l e  o f  a p p l y i n g  l o a d s  f rom  one to  k g .  by means o f
a  h y d r a u l i c  t h r u s t  u n i t . The l o a d  i s  r e a d  d i r e c t l y  f ro m  a  
d i a l  g a u g e .  The specim en can  be exam ined  m i c r o s c o p i c a l l y  
p r i o r  t o  i n d e n t a t i o n .  The l o a d  was a p p l i e d  f o r  a  u n i f o rm  
p e r i o d  o f  15 se c o n d s  a n d  t h e  i n d e n t a t i o n s  were m e a s u re d  by 
means o f  t h e  o p t i c a l  n iLcroscope i n c o r p o r a t e d  i n  t h e  i n s t r u m e n t  
The p e n e t r a s c o p e  was a d a p t e d  to  t a k e  t h e  t h r e e  i n d e n t e r s  to  
be  d e s c r i b e d  b e lo w .
F o r  l o a d s  g r e a t e r  t h a n  30 k g .  a  V i c k e r s  h a r d n e s s  t e s t e r  
was u s e d .  T h i s  was a l s o  a d a p t e d  to  t a k e  a l l  t h r e e  i n d e n t e r s  
an d  c o u l d  a p p l y  l o a d s  up t o  120 k g .  f o r  a  p e r i o d  o f  15 seco n d s
I n d e n t e r s .
The diamond p y ra m id  i n d e n t e r  u s e d  i n  t h e  p r e s e n t  work 
was exam ined  i n t e r f  e r o m e t r i c a l l y  to  d e t e r m in e  t h e  q u a l i t y  o f  
i t s  f a c e s .  The f o u r  i n t e r f e r o g r a m s ,  w h ich  were  t a k e n  
s e p a r a t e l y ,  have b een  com bined  to  g i v e  f i g . 2 0 . I t  i s  
o b v i o u s  t h a t  t h e  f a c e s  a r e  n o t  o p t i c a l l y  f l a t ,  a s  t h e  f r i n g e s  
a r e  n o t  p a r a l l e l  s t r a i g h t  l i n e s ,  how ever ,  t h e y  a r e  q u i t e  f l a t
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o v e r  t h e  a r e a  n e a r  t h e  t i p  o f  t h e  i n d e n t e r  w h ich  i s  u s e d  
d u r i n g  t h e  i n d e n t a t i o n  p r o c e s s .  The p o l i s h  marks  on t h r e e  
o f  t h e  f a c e s  a r e  v e r y  s l i g h t  and  on th e  f o u r t h  a r e  o n l y  some 
0 .0 5  m ic ro n s  d e e p .  Under h i g h  m a g n i f i c a t i o n  i t  was f o u n d  
t h a t  t h e  f o u r  f a c e s  d i d  n o t  meet a t  a p o i n t  bu t  a  r i d g e  o r  
" r o o f t o p " . T h i s  r i d g e  was 1 .2  m ic ro n s  l o n g ,  bu t  a s  a l l  t h e  
i n d e n t a t i o n s  made w i t h  t h e  i n d e n t e r  have  d i a g o n a l s  a t  l e a s t  
100 t i m e s  a s  l a r g e  a s  t h i s ,  t h e  r i d g e  h a s  no e f f e c t  on th e  
h a r d n e s s  r e a d i n g s .  The a n g l e s  between th e  p a i r s  o f  o p p o s i t e  
f a c e s  were  m e a su re d  w i t h  an o p t i c a l  g o n i o m e t e r .  They  w ere  
fo u n d  to  be 135^ 2 3 '  and  135^ 2 7 ' ,  t h e  a c c u r a c y  of  t h e  
m easu rem en t  b e i n g  a b o u t  2 ' .
A diamond b a l l  i n d e n t e r  was u s e d  i n  much o f  t h e  p r e s e n t  
w o rk .  I t s  shape  was c h e c k e d  i n t e r f e r o m e t r i c a l l y  by m a tc h in g  
i t  a g a i n s t  an u n c o a t e d  g l a s s  f l a t .  The f r i n g e s  were  n o t  
q u i t e  c i r c u l a r  i n d i c a t i n g  a  v e r y  s l i g h t  n o n - s p h e r i c i t y  o f  t h e  
 ^ b a l l .  The p o l i s h  o f  t h e  b a l l  a s  r e v e a l e d  by t h e  f r i n g e s  i s  
q u i t e  good,  and  i t s  r a d i u s  o f  c u r v a t u r e ,  a s  g iv e n  by t h e  
Newtons R in g s  f o r m u l a ,  i s  0 .388 mm. The a d v a n ta g e  o f  t h e  
d iamond b a l l  i n d e n t e r  f o r  t h e  p r e s e n t  work l i e s  i n  i t s  
p r o p e r t y  o f  p r o d u c i n g  i n d e n t a t i o n s  i n  t h e  h a r d e s t  m e t a l s  
w i t h o u t  u n d e r g o in g  p l a s t i c  d e f o r m a t i o n  i t s e l f .  Thus t h e  
h a r d e s t  m e t a l s  a r e  am enab le  to  s tu d y  u n d e r  t h e  same c o n d i t i o n s  
a s  p r e v a i l  f o r  s o f t e r  m e t a l s .
4 9 .
The s t e e l  b a l l  i n d e n t e r s  u s e d  f o r  some o f  t h e  t e s t s  were  
h a r d e n e d  s t e e l  b a l l  b e a r i n g s .  They w ere  f o u n d  i n t e r f  e r o ­
m e t r i c a l l y  to  be v e r y  c l o s e l y  s p h e r i c a l .  T h e i r  D .P .H .  was 
a b o u t  950 a,nd t h e i r  r a d i i  w ere  ch e c k e d  a f t e r  i n d e n t a t i o n  to  
d e t e r m i n e  w h e th e r  p l a s t i c  d e f o r m a t i o n  had  o c c u r r e d .  The 
d e t e r m i n a t i o n  o f  t h e  r a d i u s  o f  c u r v a t u r e  by Newtons r i n g s  
i s  a  more a c c u r a t e  m ethod  o f  d e t e c t i n g  p l a s t i c  d e f o r m a t i o n  
t h a n  i s  t h e  m easu rem en t  o f  t h e  r e d u c t i o n  o f  t h e  p o l a r  d i a m e t e r  
a s  u s e d  by  p r e v i o u s  w o rk e r s  ( s e e  s e c t i o n  3 *6 ) .  An i n c r e a s e  
i n  t h e  r a d i u s  o f  c u r v a t u r e  was fo u n d  when t h e  b a l l s  were 
u s e d  to  i n d e n t  any m e t a l  o f  h a r d n e s s  g r e a t e r  t h a n  30O D . P . H . ,  
t h e  d e fo rm ed  r a d i u s  o f  c u r v a t u r e  t e n d i n g  to  i n c r e a s e  s l i g h t l y  
w i t h  l o a d .  On i n d e n t i n g  a  spec im en  o f  D .P .H .  95O t h e  r a d i u s  
o f  c u r v a t u r e  o f  a  t y p i c a l  b a l l  was i n c r e a s e d  f ro m  0*397 
to  0 .6 0 5  mm. In  a l l  c a s e s  t h e  shape  o f  t h e  r e c o v e r e d  r e g i o n  
was v e r y  c l o s e l y  s p h e r i c a l  and  i t s  edge was c l e a r l y  m a rk ed .
The i n c r e a s e d  s e n s i t i v i t y  o f  m easurem ent  may a c c o u n t  f o r  t h e  
lo w e r  v a l u e  o f  th e  c r i t i c a l  h a r d n e s s  t h a n  h ad  p r e v i o u s l y  been  
r e p o r t e d ;  how ever ,  f i g .  I 9  c l e a r l y  shows a  d i f f e r e n c e  i n  
h a r d n e s s  v a l u e s  a t  30O B.H.N. w h ich  can now be a t t r i b u t e d  to  
t h e  p l a s t i c  d e f o r m a t i o n  o f  t h e  s t e e l  b a l l  i n d e n t e r  .
The c o n i c a l  i n d e n t e r  u s e d  i n  t h e  p r e s e n t  work was t h e  
n o rm a l  t y p e  o f  B r a l e  p e n e t r a t o r  u s e d  i n  t h e  R o ck w e l l  T e s t .
I t  was s p e c i a l l y  p o l i s h e d  and  i t s  shape  was ch ecked  i n t e r -  
f e r o m e t r i c a l l y .  The s p h e r i c a l  end was fo u n d  to  be f a i r l y
5 0 .
s a t i s f a c t o r y ^  th o u g h  n o t  a s  good  a s  t h e  diamond b a l l ;  t h e  
p o l i s h  was g o o d .  The s i d e s  o f  t h e  cone were f o u n d  to  be 
good  i n  b o t h  shape  and  p o l i s h .
4 . 2  SPEGliviEiNiS.
A l i s t  o f  a l l  t h e  sp ec im en s  u s e d  i n  t h e  p r e s e n t  work ,  
t o g e t h e r  w i t n  p r e v i o u s  h e a t  o r  m e c h a n ic a l  t r e a t m e n t ,  i s  g iv e n  
i n  T a b le  1 , t o g e t h e r  w i t h  t h e  c h a p t e r s  i n  w h ich  t h e  r e s u l t s  
f ro m  e a c h  spec im en  a r e  i n c l u d e d .  The a n a l y s e s  o f  s i x  o f  t h e  
s t e e l  sp ec im en s  a r e  g i v e n  i n  T a b le  2 .
Spec im ens  2 and  3 were  w o rk - h a r d e n e d  oy known amounts 
i n  a  c o n v e n t i o n a l  r o l l i n g  m i l l .  No g r a i n  o r i e n t a t i o n  was 
p r o d u c e d  a s  t h e  r e d u c t i o n s  i n  t h i c k n e s s  w ere  q u i t e  s m a l l .  
T r a n s v e r s e  s e c t i o n s  o f  t h e  r o d s  were  g ro u n d  and  p o l i s h e d  f o r  
t e s t i n g .
The h e a t  t r e a t m e n t  o f  t h e  spec im ens  was i n  a c c o r d a n c e  
w i t h  no rm al  p r a c t i c e .
The p r e p a r a t i o n  o f  t h e  s u r f a c e s  o f  p o l y c r y s t a l l i n e  m e t a l s  
f o r  i n t e r f e r o m e t r i e  e x a m in a t io n  i n v o l v e s  s l i g h t  v a r i a t i o n s  
f ro m  n o rm a l  m e t a l l o g r a p t i i c  p o l i s h i n g  t e c h n i q u e .  The o v e r a l l  
f l a t n e s s  o f  t h e  s u r f a c e  i s  o f  g r e a t  i m p o r t a n c e  f o r  i n t e r f e r o ­
me t r i e  s t u d y .  For  t h i s  r e a s o n  m i c r o s c r a t c h e s  p r o d u c e d  i n  
t h e  f i n a l  s t a g e  o f  p o l i s h i n g ,  i . e .  w i t h  a lu m in a  on a  wet 
r o t a t i n g  c l o t h  l a p ,  a r e  r e l a t i v e l y  u n i m p o r t a n t .  The s t e e l  
s p e c im e n s  were p o l i s h e d  and  e t c h e d  l i g h t l y  a  number o f  t i m e s  
i n  o r d e r  to  rem ove ,  a s  f a r  a s  p o s s i b l e ,  t h e  work  h a rd e n e d
51-
ÏÂBLE 1.
i
Number Specimen
R e s u l t s
i n
G h a p te r s
1 Aluminium 9 ,1 0
2 Copper Gu+Ag > 9 9 . 9^ 7
3 S i l v e r 99 .9 9 % 7
4 S i l v e r 9 9 -99% 7
5 Hard  B r a s s 11
6 S i l v e r  S t e e l 7 ,1 1
7 M i ld  S t e e l O i l  Quenched 7 ,8
8 A l l o y  S t e e l 7 , 8 , 9 ,1 0
9 S t a i n l e s s  S t e e l 8 , 9 ,1 0
10 N i c k e l  S t e e l 8
11 M ild  S t e e l N o r m a l i s e d  950°G 7 ,8
12 A l l o y  S t e e l O i l  Quenched B35°C
Tempered 1 h r .  a t  150^0 9 , 1 0
13 A l lo y  S t e e l Water  Quenched 820°G 7 ,8
14 As 13 Tempered a t  100 G 7 ,8
15 A S  13 Tempered a t  150°G 7 ,8
l 6 As 13 Tem pered  a t  200°G 8
17 H ard en ed  S t e e l S l i p  Gauge 7 , 8 , 9 ,1 0
18 T u n g s te n  C a r b i d e  D .P .H .  1 ,3 4 0 9
19 T u n g s te n  C a rb i d e D .P .H .  1 ,8 1 0 9 , 1 0
TABLE 2 .
S pec im en
Number G S i Mu s P N i Cr Mo
8 0 .3 8 0 .2 7 0 . 5 0 .0 1 0 .0 1 3 . 4 0 . 2 —
9 0 .0 8 0 .5 0 . 4 5 0 .0 4 0 .0 2 8 . 0 1 8 .3 0 .0 6
10 0 .2 9 0 .3 6 0 .6 3 0 .0 3 0 .0 3 0 .7 1 — —
11 0 .1 3 — 1 . 2 0 .2 2 0 .0 3 - — —
12 0 .7 0 0 .2 1 o_,i6 0 .0 4 0 .0 3 2 .5 0 2 .4 5 0 .1 0
13 0 .4 1 Û .I5 0 .6 1 0 .0 2 0 .0 2 0 . 5 6 1 .2 7 0 .3 1
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l a y e r .  I n  some c a s e s  one c o n s t i t u e n t  o f  t h e  a l l o y  t e n d e d  
to  p o l i s h  away p r e f e r e n t i a l l y ;  t h i s  t e n d e n c y  was c l e a r l y  
r e v e a l e d  by t h e  i n t e r f e r e n c e  f r i n g e s .  E l e c t r o l y t i c  p o l i s h i n g  
was f o u n d  to  g i v e  q u i t e  a  smooth s u r f a c e  w i t h  c o m p a r a t i v e l y  
l o n g  w a v e l e n g t h  u n d u l a t i o n s .  The p r e s e n c e  o f  t h e s e  
u n d u l a t i o n s  made e l e c t r o l y t i c  p o l i s h i n g  q u i t e  u n s u i t a b l e  
f o r  t h e  p r e s e n t  w o r k .
F o r  t h e  e x p e r i m e n t s  t o  b e  d e s c r i b e d  i n  C h a p te r  11 i t  
was n e c e s s a r y  to  u s e  sp e c im e n s  w i t h  two f l a t  p o l i s h e d  s i d e s  
a t  r i g h t  a n g l e s  t o  e a c h  o t h e r .  I t  was e s s e n t i a l  t h a t  t h e s e  
s i d e s  be  a s  f l a t  a s  p o s s i b l e  up to  t h e i r  edge o f  i n t e r s e c t i o n .  
As s u c h  an edge c a n n o t  be p r o d u c e d  w i t h  n o rm a l  p o l i s h i n g  
m e th o d s  t h e  sp ec im en s  were  m ounted  i n  a  c lamp a s  shown i n  
f i g .  2 1 . The f a c e s  AB a n d  DE w ere  i n  c o n t a c t  w h i l e  t h e  f a c e s  
GB a n d  EF w e re  p o l i s h e d  t o g e t h e r  a s  one f a c e .  By t h i s  means 
t h e  f a c e s  CB and  EF w ere  p o l i s h e d  v e r y  n e a r l y  f l a t  r i g h t  up 
t o  t h e i r  ed g es  a t  B an d  E .  Then t h e  p o l i s h e d  f a c e s  GB and 
EF w ere  c lam ped  i n  c o n t a c t  a n d  t h e  f a c e s  AB an d  DE were 
p o l i s h e d  i n  t h e  same w ay .  By t h i s  means s u f f i c i e n t l y  
a c c u r a t e  c o r n e r s  w ere  p r o d u c e d .
Hand g r i n d i n g  and  p o l i s h i n g  was f o u n d  to  p ro d u c e  convex  
p o l i s h e d  s u r f a c e s  on th e  s o f t e r  m a t e r i a l s .  T i i i s  i s  due to  
" r o c k i n g ” o f  t h e  spec im en  d u r i n g  t h e  hand  g r i n d i n g  p r o c e s s .
I n  o r d e r  to  r e d u c e  t h i s  r o c k i n g  t h e  sp e c im e n s  were  m ounted  i n  
a  c lan jp .  Two t y p e s  o f  c lam p a r e  shown i n  f i g . 2 2 . I n
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e f f e c t  t h e y  i n c r e a s e  t h e  s u r f a c e  a r e a  o f  t h e  spec im en  and  
so r e d u c e  t h e  e x t e n t  o f  t h e  r o c K in g  movement.  The c lam ps  
w e r e  made o f  m e t a l  o f  c o m p a ra b le  h a r d n e s s  t o  t h a t  o f  t h e  
s p e c im e n s ,  and  t h e  s p e c im e n s  p r e p a r e d  i n  t h i s  way were  
s u f f i c i e n t l y  f l a t  f o r  a c c u r a t e  m e a s u re m e n t .
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CHAPTER 5 .
MULTIPLE BSAM InTERFEROiviETRY.
I n  t h e  s u r v e y  o f  met nods  o f  m easu rem en t  o f  s u r f a c e  
d i s t o r t i o n s  o f  m e t a l s  g i v e n  i n  s e c t i o n  '),!  a b o v e ,  m e n t io n  was 
made o f  m u l t i p l e  beam i n t e r f e r o m e  t r y . The m easu rem en t  o f
s u r f a c e  f e a t u r e s  by t h i s  m ethod  i s  a  w e l l  e s t a b l i s h e d  
e x p e r i m e n t a l  t e c h n i q u e  and  h a s  been  f u l l y  d i s c u s s e d  by  
T o l a n s k y  ( I 9 4 8 ) . I t  was f i r s t  a p p l i e d  t o  t h e  s t u d y  o f  t h e  
s u r f a c e  d e f o r m a t i o n  o f  m e t a l s  by T o la n s k y  a n d  N i o k o l s  ( I 9 4 9 ,  a  
an d  b, 1 9 5 2 ) . They showed t h a t  i t  was a  v e r y  p o w e r f u l  m ethod  
f o r  r e v e a l i n g  and  m e a s u r in g  su c h  d i s t o r t i o n s .  more r e c e n t l y  
WilliaiDS (1955)  S^LS em ployed  t h e  m ethod  to  m e a su re  t h e  
d i s t o r t i o n s  i n  o a s t  t i n  and  b i s i a i t h  c r y s t a l s .
The main a d v a n t a g e s  o f  t h i s  sy s tem  o f  m easu rem en t  a r e  
t h a t  t h e  w ho le  o f  t h e  s u r f a c e  d e f o r m a t i o n  i s  r e v e a l e d  and can 
be  e a s i l y  a s s e s s e d  an d  m e a s u re d ,  t h e  m easu rem en t  i s  a b s o l u t e ,  
an d  i t  i s  e x t r e m e l y  s im p le  i n  o p e r a t i o n .  I t  i s  n e c e s s a r y  
f o r  t h e  m e ta l  u n d e r  e x a m in a t io n  t o  have  a  f l a t ,  h i g h l y  
r e f l e c t i n g  s u r f a c e ;  t h i s  i s  q u i t e  e a s i l y  p r o d u c e d  on most  
p o l y c r y s t a l l i n e  m e t a l s  by t h e  a c c e p t e d  t e c h n i q u e s  o f  m e t a l l o -  
g r a p h i c  p o l i s h i n g .  The a c c u r a c y  o f  t h e  m e th o d  i s  i n h e r e n t l y  
h i g h ,  and  t h e  d i s t o r t i o n s  c a u s e d  by t h e  n o rm a l  l o a d s  em ployed 
i n  h a r d n e s s  t e s t i n g  l i e  j u s t  w i t h i n  t h e  r a n g e  most  s u i t a b l e  
f o r  m e a s u re m e n t .
F i g .  2 5 .
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M u l t i p l e  beam i n t e r f e r o m e t r y  i s  t h e  c h i e f  o p t i c a l  method, 
em ployed  i n  bhe p r e s e n t  work and  t h i s  c h a p t e r  w i l l  be d e v o t e d  t o  
a  b r i e f  d i s c u s s i o n  o f  t h e  r e l e v a n t  t h e o r y ,  e x p e r i m e n t a l  s e t  up ,  
a n d  m e th o d s  o f  m e a s u re m e n t .
5 .1 PRODUCTION OF Fit lhdSS.
I f  two h i g h l y  r e f l e c t i n g  s u r f a c e s  a r e  b r o u g h t  c l o s e  
t o g e t h e r  an d  i l l u m i n a t e d  w i t h  no rm al  p a r a l l e l  m onoc i irom at ic  
l i g h t ,  i n t e r f e r e n c e  f r i n g e s  a r e  o b s e r v e d  l o c a l i s e d  i n  t h e  
wedge fo rm e d  by  t h e  two s u r f a c e s .  T hese  a r e  m u l t i p l e  beam 
f r i n g e s  o f  e q u a l  t h i c k n e s s  o f  t h e  wedge and  a r e  r e f e r r e d  to  a s  
P i z e a u  f r i n g e s .  I n  r e f l e c t i o n  th e y  a p p e a r  a s  s h a r p  d a r k  
f r i n g e s  on a  b r i g h t  b a c k g ro u n d ,  and  i n  t r a n s m i s s i o n  a s  s h a r p  
b r i g h t  f r i n g e s  on a  d a r k  b a c k g r o u n d .  I n  o r d e r  to  p ro d u c e  
P i z e a u  f r i n g e s  o v e r  a  p o l i s h e d  m e t a l  s u r f a c e  an o p t i c a l l y  f l a t  
p i e c e  o f  g l a s s ,  on w h ich  h a s  been  d e p o s i t e d  a  s l i g h t l y  
t r a n s p a r e n t  h i g h l y  r e f l e c t i n g  l a y e r ,  i s  p l a c e d  i n  c o n t a c t  w i t h  
t h e  m e t a l  s u r f a c e  and  i l l u m i n a t e d  w i t h  p a r a l l e l  m onoc i irom at ic  
l i g h t .  A m e t a l l u r g i c a l  m ic r o s c o p e  i s  a d a p t e d ,  a s  snown i n  
f i g .  23 ,  so t h a t  t h e  image o f  t h e  l i g h t  s o u r c e  i s  f o rm e d  i n  
t h e  oack  f o c a l  p l a n e  o f  t h e  o b j e c t i v e  0 . The l i g h t  emerges 
f ro m  t h e  o b j e c t i v e  a s  a  p a r a l l e l  beam and  f a l l s  n o r m a l l y  on 
t h e  i n t e r f e r o m e t e r  X. The o b j e c t i v e  0 fo rm s  an image o f  t h e  
i n t e r f e r o m e t e r ,  an d  so t h e  f r i n g e s ,  i n  t h e  image p l a n e  o f  t h e  
m i c r o s c o p e .  The p r e s e n c e  o f  t h e  o p t i c a l  f l a t  w h ich  i s  
n e c e s s a r y  to  p ro d u ce  t h e  f r i n g e s  l i m i t s  t h e  power o f  t h e
$ 6 .
l e n s e s  em ployed ,  and  so t h e  l a t e r a l  m a g n i f i c a t i o n  and 
r e s o l u t i o n .  F i z e a u  f r i n g e s  fo rm e d  i n  t h e  a i r  wedge be tw een  
a  w e l l  p o l i s h e d  s t a i n l e s s  s t e e l  s u r f a c e  and  a  h i g h  r e f l e c t i n g  
o p t i c a l  f l a t  a r e  shown i n  f i g .  2 4 . The t h i c k n e s s  o f  t h e  
wedge i s  c o n s t a n t  a l o n g  e a c h  f r i n g e  an d  i s  e i t h e r  lia I f  a 
w a v e l e n g t h  g r e a t e r  o r  l e s s  th a n  t h e  t h i c k n e s s  a l o n g  t h e  
a d j a c e n t  f r i n g e .  Thus  t h e  f r i n g e s  a c t  a s  c o n t o u r  l i n e s  o f  
one s u r f a c e  w i t h  r e s p e c t  t o  t h e  o t h e r ,  whose h e i g h t  i n t e r v a l  
i s  h a l f  t h e  w a v e le n g th  o f  t h e  l i g h t  u s e d .  The f i n e  s t r u c t u r e  
o f  t h e  f r i n g e s  i s  due t o  t h e  p o l i s h i n g  m arks  on t h e  m e ta l  
s u r f a c e .  I n  t h i s  c a s e  t h e  u n d u l a t i o n s  c o v e r  a b o u t  a  f i f t e e n t h  
o f  an o r d e r  o r  180 A .U.
L o c a l i s e d  m u l t i p l e  beam f r i n g e s  obey  t h e  f o r m u l a
n A = 2 / a t  CO s 0  
w h e re  n i s  t h e  o r d e r  o f  i n t e r f e r e n c e  and  i s  an  i n t e g e r ,  X i s  
t h e  w a v e l e n g t h  o f  t h e  l i g h t ,  ^  i s  t h e  r e f r a c t i v e  i n d e x  o f  t h e  
m a t e r i a l  be tween  t h e  i n t e r f e r o m e t e r  p l a t e s ,  t  i s  t h e  t h i c k n e s s  
o f  t h e  i n t e r f e r o m e t e r  g a p ,  and  0 i s  t h e  a n g l e  o f  i n c i d e n c e .  
W i th  K and  (9 c o n s t a n t ,  F i z e a u  f r i n g e s  o f  e q u a l  t h i c k n e s s  
a r e  g i v e n .  I f  S i s  k e p t  c o n s t a n t  an d  A v a r i e d  a  new s e t  
o f  f r i n g e s  i s  p r o d u c e d .  T h e s e  have  been  t e rm e d  f r i n g e s  o f  
e q u a l  c h r o m a t i c  o r d e r  by  To I a n  sky  ( 19^ 5 ) • The o r d e r  n ,  an d  
h e n c e  t h e  v a l u e  o f  i s  c o n s t a n t  f o r  e a c h  f r i n g e .
E x p e r i m e n t a l l y  t h e  f r i n g e s  a r e  p ro d u c e d  w i t h  a  w h i t e  l i g h t  
s o u r c e  i n  p l a c e  o f  t h e  m o n o ch ro m a t ic  s o u r c e  u s e d  f o r  F i z e a u  
f r i n g e s .  A s p e c t r o g r a p h  i s  p o s i t i o n e d  w i t h  i t s  s l i t  i n  t h e
57-
im age p l a n e  o f  the  o b j e c t i v e  a n d ,  i f  t h e  s p e c t r o g r a p h  s l i t  i s  
f i n e ,  e q u a l  c h r o m a t i c  o r d e r  f r i n g e s  a p p e a r  i n  t h e  f o c a l  p l a n e .  
I n  r e f l e c t i o n  t h e s e  a r e  d a r k  bands  c r o s s i n g  a  b r i g h t  c o n t i n u o u s  
s p e c t r u m .  F o r  a  g iv e n  v a l u e  o f  an d  ® e a c h  wedge t h i c k n e s s  
t  w i l l  have  a  s e t  o f  f r i n g e s ,  a n d  a s  t h e  v a l u e  o f  t  i s  v a r i e d  
t h e  w ho le  f r i n g e  s y s t e m  moves t o  t h e  r e d  o r  v i o l e t  end o f  t h e  
s p e c t r u m .
5 .2  IImTEimSITY DISTRIBUTION.
F o r  an  i n t e r f e r o m e t e r  whose two component s u r f a c e s  a r e  
p a r a l l e l  and  have  r e f l e c t i o n  a n d  t r a n s m i s s i o n  c o e f f i c i e n t s  o f  
R a n d  T r e s p e c t i v e l y ,  t h e  i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  
t r a n s m i t t e d  s y s t e m  i s  g i v e n  by  t h e  f o r m u l a
1
„ s in '  
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i n t e n s i t y  = I  = ------- ^  — —----------------7^-----^. ,4R c
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w h e re  5 = *2 f i t  co s  0  ,
T h i s  i s  r e f e r r e d  to  a s  t h e  A i r y  d i s t r i b u t i o n ,  and  r e p r e s e n t s  
s h a r p  maxima on a  d a r k  b a c k g r o u n d .
I n  t h e  r e f l e c t e d  s y s t e m  however t h e  t r e a t m e n t  i s  more 
co m p le x .  The f i r s t  beam h a s  a  p h a s e  change  w i t h  r e s p e c t  t o  
t h e  s e co n d  beam w h ich  i s  q u i t e  d i f f e r e n t  f ro m  t h a t  b e tw een  any  
o t h e r  two s u c c e s s i v e  beam s.  Tne t h e o r y  o f  r e f l e c t i o n  f r i n g e s  
h a s  b een  d i s c u s s e d  f u l l y  by  Hamy ( I9 0 6 )  and  H o ld en  ( 1 9 4 9 ) .
The e x p e r i m e n t a l  c o n d i t i o n s  f o r  good  r e f l e c t i o n  f r i n g e s  a r e  
more c r i t i c a l  t h a n  i n  t r a n s m i s s i o n .  The r e f l e c t i v i t i e s  o f
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t h e  s u r f a c e s  o f  t h e  i n t e r f e r o m e t e r  m ust  be  c r i t i c a l l y  m a tch ed  
f o r  t h e  b e s t  r e s u l t s . The a b s o r p t i o n  o f  t h e  f r o n t  s u r f a c e  
o f  t h e  i n t e r f e r o m e t e r  i s  v e r y  c r i t i c a l . The a b s o r p t i o n  A 
i s  d e f i n e d  a s  1 -  R -  T and  i f  i t  i s  h i g h  t h e  c o n t r a s t  o f  t h e  
f r i n g e s  i s  v e r y  p o o r .  T i i i s  e f f e c t  i s  most  n o t i c e a b l e  i n  t h e  
h i g h e r  r a n g e  o f  r e f l e c t i v i t i e s  b u t  i t  i s  n o t  c o n f i n e d  to  t h i s  
r a n g e .  I f  t h e  r e f l e c t i n g  l a y e r  on t h e  f r o n t  s u r f a c e  o f  t h e  
i n t e r f e r o m e t e r  i m p a r t s  a  p h a s e  change  to  t h e  l i g h t  r e f l e c t e d  
f ro m  i t ,  t h e  f r i n g e s  assume an a s y n m ie t r i c a l  maximum-minimum 
sh a p e  w h ic h  can  i m p a i r  t h e  a c c u r a c y  o f  m e a s u r e m e n t .  For  
h i g h  r e f l e c t i v i t i e s  i t  i s  e s s e n t i a l  to  u s e  an o b j e c t i v e  l e n s  
w i t h  a  n u m e r i c a l  a p e r t u r e  o f  a b o u t  0 . 3  i n  o r d e r  to  c o l l e c t  
a l l  t h e  beams w h ic h  c o n t r i b u t e  to  t h e  i n t e n s i t y  d i s t r i b u t i o n . 
I f  t h e  n u m e r i c a l  a p e r t u r e  i s  to o  s m a l l ,  t h e  f r i n g e  q u a l i t y  
s u f f e r s  and  s e c o n d a r y  f r i n g e s  a p p e a r .
5 . 3  PHASE LAd.
B r o s s e l l  ( I9 4 7 )  h a s  shown f o r  t h e  t r a n s m i t t e d  f r i n g e
s y s t e m  t h a t  i f  t h e  i n t e r f e r o m e t e r  p l a t e s  a r e  i n c l i n e d  a t  a
s m a l l  a n g l e  0  to  e a c h  o t h e r  t h e r e  i s  an a d d i t i o n a l  r e t a r d a t i o n
o f  t h e  n t h  beam w i t h  r e s p e c t  t o  t h e  f i r s t  beam, g iv e n  by
-  n^ 0 ^ t .  Thus t h e  p a t h  d i f f e r e n c e  b e tw een  t h e  f i r s t  and  
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n t h  beam i s  2n t  -  n^  0 t .  I f  t h e  r e t a r d a t i o n  e x c e e d s  ^  
a l l  s u c c e s s i v e  beams w i l l  oppose  t h e  A i r y  summation and 
t h e  f r i n g e  d e f i n i t i o n  w i l l  s u f f e r .  For  a  g i v e n  r e f l e c t i v i t y  
t h e  c r i t i c a l  v a l u e s  o f  wedge a n g l e  and  gap  f o r  t h e  a d d i t i o n a l
5 9 .
r e t a r d a t i o n  n o t  to  e x c e e d  , can be f o u n d ,  a n d  t h e  
e x p e r i m e n t a l  c o n d i t i o n s  v a r i e d  a c c o r d i n g l y .  I n  t o p o g r a p h i c a l  
s t u d i e s  t h e  wedge a n g l e  i s  u s u a l l y  f i x e d  and  t h e  gap becomes 
t h e  o n l y  v a r i a b l e . A l th o u g h  B r o s s e l l  o n l y  c o n s i d e r e d  th e  
t r a n s m i t t e d  sy s tem  h i s  r e s u l t s  a r e  a p p l i c a b l e  t o  a l l  t y p e s  
o f  m u l t i p l e  beaiii r e f l e c t i o n  f r i n g e s .
I n  t h e  p r e s e n t  work t h e  i n t e r f e r o m e t e r  g ap  was r e d u c e d  
t o  a  minimum by p l a c i n g  t h e  o p t i c a l  g l a s s  i n  c o n t a c t  w i t h  t h e  
m e t a l  s p e c im e n .  ï n i s ,  com bined  w i t h  t h e  low r e f l e c t i v i t i e s  
u s e d  (E = 0 . 6 ) e n s u r e d  t h a t  t h e  a d d i t i o n a l  p h a s e  l a g  was l e s s  
t h a n  ^  . 33 ûm . ,  25 mm. a n d  16 mm. o b j e c t i v e s  were u s e d
whose n u m e r i c a l  a p e r t u r e s  w ere  0 .1 , O.15 and  O.3O r e s p e c t i v e l y .  
The l i g h t  s o u r c e s  were a  h i g h  p r e s s u r e  m e rc u ry  a r c  f i l t e r e d  
to  t r a n s m i t  t h e  g r e e n  l i n e  ( w a v e l e n g t h  5461 A .U .)  f o r  t h e  
B’i z e a u  f r i n g e s ,  a n d  a  c a rb o n  a r c  s o u r c e  f o r  t h e  e q u a l  
c h r o m a t i c  o r d e r  f r i n g e s .
5 .4  FIZEAU FRIhOES.
I n  t h e  i n t r o d u c t i o n  to  t h i s  c h a p t e r  t h e  t h r e e  main 
a d v a n t a g e s  o f  u s i n g  t h e  m u l t i p l e  beam i n t e r f e r o m e t r i c  m ethod  
f o r  s u r f a c e  s t u d i e s  w ere  g i v e n .  A p a r t  f ro m  t h e s e ,  h o w ev e r ,  
i s  t h e  f a c t  t h a t  i t  d o e s  n o t  a f f e c t  t h e  s u r f a c e  u n d e r  s t u d y  
a t  a l l ,  i . e .  by s c r a t c h i n g  e t c . ,  a s  a l l  m e c h a n i c a l  m ethods  
a r e  i n c l i n e d  to  d o .  The m ethod  i s  a b s o l u t e  a n d  m e a s u re s  
t h e  s u r f a c e s  i n  t e rm s  o f  l i g h t  waves t h u s  e l i m i n a t i n g  a l l  
m e c n a n i c a l  e r r o r s . The c h i e f  a d v a n ta g e  o f  b e i n g  a b l e  to  s e e
F ig .  25 X ) 0 0
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t h e  s t r u c t u r e  o f  t h e  whole s u r f a c e  a t  o nce  i s  t h a t  
un s y m m e t r i c a l  f lo w  p a t t e r n s  a r e  i i ü m e d ia t e l y  o o v i o u s .  An 
u n s y m m e t r i c a l  f lo w  p a t t e r n  a r o u n d  a  b a l l  i n d e n t a t i o n  i n  a  
p o l i s h e d  s i l v e r  spec im en  i s  shown i n  f i g .  25* # i t h  a  m ethod 
t h a t  m e r e l y  r e v e a l s  a  s e c t i o n  o f  t h e  s u r f a c e  t h e  d i s c o v e r y  and  
m easu rem en t  o f  s u c n  an a sy ro n e t ry  would  r e q u i r e  c o n s i d e r a b l e  
t im e  an d  l a b o u r .
The L i n n i k  i n t e r f e r o m e t e r  (R an tz o h ,  I 9 4 5 )  h a s  b ee n  u s e d
to  m e asu re  t h e  s u r f a c e  d i s t o r t i o n s  o f  m e t a l s .  T h i s  i n s t r u m e n t
i s  an a d a p t i o n  o f  t h e  M ic h e l s o n  i n t e r f e r o m e t e r  f o r  s u r f a c e
m e a s u r e m e n t s .  The d i s a d v a n t a g e s  o f  t h e  i n s t r u m e n t  com pared
w i t h  m u l t i p l e  beam i n t e r f e r o m e t r y ,  f o r  t h e  p r e s e n t  w o rk ,  a r e
t h a t  t h e  m a g n i f i c a t i o n  i s  f i x e d  an d  q u i t e  h i g h ;  t h a t  t h e  f r i n g e s  
2
h a v e  a  co s  i n t e n s i t y  d i s t r i b u t i o n ,  i . e .  t h e  i n t e n s i t y  maxima 
a r e  a s  b r o a d  a s  t h e  m in im a ,  w h ich  r e s t r i c t s  a c c u r a c y ;  an d  t h a t  
t h e  d e p t h  o f  f o c u s  i s  o n l y  a b o u t  one m ic r o n ,  w h ich  i s  n o t  
s u f f i c i e n t  f o r  many f lo w  p a t t e r n s .
M u l t i p l e  beam F i z e a u  r e f l e c t i o n  f r i n g e s  w ere  u s e d  i n  t h e  
p r e s e n t  work w h e re v e r  p o s s i b l e  an d  were f o u n d  t o  be  v e r y  
s e n s i t i v e  and  a d a p t a b l e .
M e thod  o f  M e a su re m e n t .
For  m easurem en t  p u r p o s e s  t h e  F i z e a u  f r i n g e s  a r e  t r e a t e d  
a s  c o n t o u r  l i n e s  o f  t h e  s u r f a c e ,  a n d  a  s e c t i o n  may be p l o t t e d  
a s  shown i n  f i g .  2 6 .  The s e c t i o n  g iv e n  i s  t h a t  a l o n g  t h e  
d i a m e t e r  o f  a  b a l l  i n d e n t a t i o n  i n  s t e e l .  The h e i g h t
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d i f f e r e n c e  be tw een  t h e  f r i n g e s  i s  0 .2 7 3  nil c r o n s  and  t h e  
v e r t i c a l  m a g n i f i c a t i o n  2 3 , 0 0 0 . The o r i g i n a l  s u r f a c e  l e v e l ,  
shown w i t h  a  broken  l i n e  i n  f i g .  26^i s  i n t e r p o l a t e d  f ro m  t h e  
p o s i t i o n  o f  t h e  un d i s t o r t e d  f r i n g e s .  The h o r i z o n t a l  
m a g n i f i c a t i o n  i s  4 5 ; t h i s  i s  v a r i a b l e  an d  can  be a s  h i g h  a s  
300 b u t  i s  r a r e l y  above t h i s .
5 .5  E4ÜAL GHAOmTlO ORDER FRINGES.
Prom t h e  above d i s c u s s i o n  o f  m easu rem en t  o f  f l o w  p a t t e r n s  
w i t h  F i z e a u  f r i n g e s  i t  i s  a p p a r e n t  t h a t  f l o w  p a t t e r n s  whose 
h e i g h t s  a r e  l e s s  t h a n  o r  0 .7 5  m ic ro n s  c a n n o t  be m e a s u re d  
a c c u r a t e l y  by  t h i s  m ethod  a s  t h e r e  a r e  t o o  few f r i n g e s  to  
g i v e  an  a c c u r a t e  s e c t i o n .  E q u a l  c h r o m a t i c  o r d e r  f r i n g e s  
a r e  u s e d  t o  m easu re  t h e s e  s m a l l e r  f l o w  p a t t e r n s .
The f o r m u l a  g o v e r n i n g  t h e  f o r m a t i o n  o f  e q u a l  c h r o m a t i c  
o r d e r  f r i n g e s  i s
n X  = 2 ju t  c o s  6 .
I n  t h e  p r e s e n t  work ^  = 1 and  6 = 90° a n d  t h e  f o r m u l a  
r e d u c e s  t o
n X = 2 t
n  \
o r  2
F o r  a  g iv e n  v a l u e  o f  t  t h e r e  w i l l  be a  s e r i e s  o f  v a l u e s  o f  
e a c h  c o r r e s p o n d i n g  to  an i n t e g r a l  v a l u e  o f  n .  C o n s id e r  one 
s u c h  v a l u e  o f  X w h ic h  f a l l s  w i t h i n  t h e  v i s i b l e  s p e c t r u m .
I f  t  i s  i n c r e a s e d  by an amount A t ,  X i n c r e a s e s  by  A X  
g i v e n  by
SPEC IM EN fringes
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C o n s i d e r  now t h e  s e c t i o n  o f  t h e  s u r f a c e  u n d e r  s t u d y  a l o n g  t h e  
l i n e  w h ich  i s  im aged  on t h e  s l i t  o f  t h e  s p e c t r o s c o p e .  S u p p o se  
t h e  i n t e r f e r o m e t e r  t h i c k n e s s  i s  c o n s t a n t  a t  t h e  t o p  o f  t h e  
s l i t ,  d e c r e a s e s  a n d  th e n  i n c r e a s e s ,  due to  a  " h i l l "  on t h e  
s u r f a c e  u n d e r  t e s t ,  a n d  t h e n  r e g a i n s  i t s  o r i g i n a l  c o n s t a n t  
v a l u e .  The e q u a l  c h r o m a t i c  o r d e r  f r i n g e s  w i l l  be p a r a l l e l  
t o  t h e  s p e c t r o s c o p e  s l i t  a t  t h e  t o p  o f  t h e  f i e l d ,  t h e n  d e v i a t e  
t o  t h e  v i o l e t  end  o f  t h e  s p e c t r u m  a s  t  d e c r e a s e s ,  an d  r e t u r n  
t o  t h e i r  o r i g i n a l  p o s i t i o n s  a t  t h e  b o t to m  o f  t h e  f i e l d .
T h i s  i s  shown d i a g r a m a t i c a l l y  i n  f i g . 2 7 .  Hence e a c h  e q u a l  
c h r o m a t i c  o r d e r  f r i n g e  i s  a  s e c t i o n  o f  t h e  s u r f a c e  u n d e r  t e s t  
a l o n g  t h e  l i n e  w h ich  i s  im aged  on t h e  s l i t  o f  t h e  s p e c t r o s c o p e .  
The sh a p e  o f  a l l  t h e  f r i n g e s  i s  t h e  same b u t  t h e i r  m a g n i f i ­
c a t i o n  v a r i e s .
M ethod  o f  M e a su re m e n t .
One f r i n g e  i s  s e l e c t e d  a n d  m e a s u r e d  on a  c o m p a ra to r
t a k i n g  a s  c o - o r d i n a t e s  t h e  v e r t i c a l  d i s t a n c e  f ro m  t h e  b o t to m
o f  t h e  s p e c t r u m  y and  t h e  h o r i z o n t a l  d i s t a n c e  x  f ro m  a  s p e c t r a l
l i n e  o f  known w a v e l e n g t h  K ^ .  The w a v e l e n g t h  \  a t  any  p o i n t
d i s t a n t  x  f ro m  t h e  s p e c t r a l  l i n e  i s  t h e n  K ^ + h x ,  where  N i s
t h e  d i s p e r s i o n  o f  t h e  s p e c t r o g r a p h .  C o n s i d e r  t h e  f r i n g e
p a s s i n g  t h r o u g h  a  p o i n t  d i s t a n t  x  f ro m  th e  s p e c t r a l  l i n e
2 t
X = X 0 4- IMx = "H 
F o r  t n e  a d j a c e n t  f r i n g e s  on e i t h e r  s i d e  X  1 = X q +  IMx^  -
63.
^ 2  = \  + WX2 =
4-t;
T h e r e f o r e  N( %2 -  x^) ” 2'
n  - 1 .
I n  t h e  p r e s e n t  work  n i s  a lw ays  g r e a t e r  t h a n  20 and  t h e r e f o r e
2n i s  iiiaoh g r e a t e r  t h a n  o n e ,  henoe
n
T h e r e f o r e  x ^ x  ~ Z
Now i f  t h e  f r i n g e  u n d e r  c o n s i d e r a t i o n  d e v i a t e s  and  p a s s e s  
t h r o u g h  a  p o i n t  d i s t a n t  x  4- x f ro m  t h e  s p e c t r a l  l i n e  a t  
some o t h e r  y c o - o r d i n a t e ,  we have
Xq 4- Nx = ^
Xq + n ( x + £ . x ) =
w here  t  i s  t h e  i n c r e a s e  i n  t h e  v a l u e  o f  t .
T h e r e f o r e  N x  =
.  .  = ë E  ^  X
2
A t  = ( _ ^ ) ^ X .
By means' o f  t h i s  f o r m u l a  i t  i s  p o s s i b l e  to  c o n v e r t  f ro m  f r i n g e  
d i s p l a c e m e n t s  d i r e c t l y  to  s u r f a c e  m easu rem en ts  a n d  h en c e  t h e  
s e c t i o n  o f  t h e  s u r f a c e  may be  m e a s u r e d .
Flow p a t t e r n s  whose h e i g h t s  a r e  a s  sm a l l  a s  50O A .U .  can  
be m e asu red  w i t h  eq u a l  c h r o m a t i c  o r d e r  f r i n g e s ,  t h i s  l i m i t  
b e i n g  s e t  by t h e  d e p t h  o f  t h e  p o l i s h  marks  on t h e  m e t a l  s u r f a c e s .  
The v e r t i c a l  m a g n i f i c a t i o n  a t t a i n a b l e  w i t h  t h e s e  f r i n g e s  i s
6 4 .
some 1 0 0 ,0 0 0  t i m e s  w i t h  t h e  e x p e r i m e n t a l  s e t  up  u s e d  i n  t h e  
p r e s e n t  w o rk .  Equal  o h ro m a t io  o r d e r  f r i n g e s  o v e r  t h e  
d i a m e t e r  o f  a  b a l l  i n d e n t a t i o n  i n  s t e e l  a r e  shown i n  f i g .  2 8 . 
The t r a c e s  o f  t h e  g r e e n  a n d  two y e l lo w  l i n e s  o f  m e rc u ry ,  
which  a r e  s u p e r im p o s e d  on th e  p l a t e  f o r  m easurem ent  p u r p o s e s ,  
a r e  a l s o  shown.
6$ .
CHAPTER 6 . 
ivUITlLaPER FIlAiS.
R e f e r e n c e  was made i n  G nap t e r  5 to  t h e  f a c t  t r i a t  t h e  
a b s o r p t i o n  o f  t h e  h i g h  r e f l e c t i n g  c o a t i n g  on t h e  f r o n t  s u r f a c e  
o f  t h e  i n t e r f e r o m e t e r  i s  o f  g r e a t  im p o r t a n c e  i n  t h e  p r o d u c t i o n  
o f  good  q u a l i t y  m u l t i p l e  beam r e f l e c t i o n  f r i n g e s .  i t  h a s  
f o r  some t im e  been r e c o g n i s e d  t h a t  s i l v e r  f i l m s ,  w h ich  a r e  
t h e  b e s t  m e t a l l i c  f i l m s  a v a i l a b l e  f o r  t h i s  work, have, f o u r  
i m p o r t a n t  d i s a d v a n t a g e s  i n  t l i i s  r e s p e c t .
F i r s t l y ,  t h e  a b s o r p t i o n  and  r e f l e c t i o n  p r o p e r t i e s  o f  
s i l v e r  f i l m s  d e t e r i o r a t e  on ex p o s u re  to  t h e  a t m o s p h e r e . 
S e c o n d ly ,  t h e s e  a b s o r p t i o n  p r o p e r t i e s  a r e  s u o j e c t  t o  u n p r e d i c t ­
a b l e  v a r i a t i o n .  T h i r d l y ,  t h e  a b s o r p t i o n  o f  s i l v e r  f i l m s  i s  
a n o m a lo u s ly  h i g h  f o r  low er  r e f l e c t i v i t i e s .  F o u r t h l y ,  t h e r e  
i s  a  p h ase  change on r e f l e c t i o n  a t  t h e  s i l v e r  s u r f a c e ,  which  
h a s  been  shown by Holden ( I 9 4 9 )  to  oe r e s p o n s i b l e  f o r  t h e  
p r o d u c t i o n  o f  a s y m m e t r i c a l  f r i n g e s  f o r  lo w er  r e f l e c t i v i t i e s ,  
w h ich  a f f e c t  l o c a l  a c c u r a c y  o f  m easurem ent  o f  f r i n g e  
d i s p l a c e m e n t s .
M u l t i l a y e r  d i e l e c t r i c  f i l m s  do n o t  s u f f e r  f rom  t h e s e  
d i s a d v a n t a g e s ,  and  i i id eed  p o s s e s s  p r o p e r t i e s  w h ich  i n  o t h e r  
ways a r e  s u p e r i o r  to  t h o s e  o f  s i l v e r  f o r  t h e  i n t e r f e r o m e t r i c  
e x a m in a t io n  o f  m e ta l  s u r f a c e s . A s u rv e y  o f  t h e i r  p r o d u c t i o n  
an d  p r o p e r t i e s  w i l l  be g i v e n ,  and  t n e i r  p a r t i c u l a r  a p p l i c a t i o n s  
t o  i n t e r f e r o m e t r y  w i l l  be d i s c u s s e d .
6 6 .
An e x t e n s i v e  b i b l i o g r a p h y  on m u l t i l a y e r  f i l m s  i s  g iv e n  
by C o t to n  a n d  R oua rd  ( 19 5 0 ) nnd Kuhn ( 1 9 5 I ) ,  and  an a c c o u n t  
o f  t h e i r  p r o p e r t i e s  by J a c q u i n o t  and  Dufour (1950) . An 
a c c o u n t  o f  t h e i r  p r o d u c t i o n  and  a p p l i c a t i o n  to  i n t e r f e r o m e t r y  
i s  g iv e n  by T u r n b u l l  a n d  B e lk  ( I9 5 2 )  .
6 . 1  PRIilGiPLE OF MJLTILAfER FiLMS.
The p r i n c i p l e  o f  m u l t i l a y e r  f i l m s  i s  m ost  r e a d i l y  
a p p r e c i a t e d  by c o n s i d e r i n g  a  s i n g l e  f i l m .  I f  a  s i n g l e  f i l m  
h a v i n g  an o p t i c a l  t t i i c k n e s s  n t  = , where  t  i s  t h e  m e t r i c a l
t h i c k n e s s  and  X th e  w a v e le n g th  o f  l i g h t  i n  v a c u o , i s  
d e p o s i t e d  on g l a s s ,  t h e  r e f l e c t i v i t y  o f  t h e  g l a s s  s u r f a c e  i s  
i n c r e a s e d  i f  t h e  r e f r a c t i v e  i n d e x  n o f  t h e  f i l m  i s  g r e a t e r  
t h a n  t h a t  o f  t h e  g l a s s .  The l i g h t  r e f l e c t e d  a t  t h e  d i e l e c t r i c -  
a i r  s u r f a c e  s u f f e r s  a  p h ase  change  o f  an d  i s  i n  p h a s e  w i t h  
t h a t  r e f l e c t e d  a t  t h e  d i e l e c t r i c - g l a s s  s u r f a c e  w h ich  h as  
t r a v e r s e d  an a d d i t i o n a l  o p t i c a l  p a t h  2n t  = , t h i s  b e i n g
e q u i v a l e n t  t o  a  p h as e  change  o f  "t t  . S i n c e  t h e  l i g h t  
r e f l e c t e d  a t  t h e s e  s u r f a c e s  i s  i n  p h a s e  i t  com bines  to  p ro d u c e  
an i n c r e a s e  i n  r e f l e c t i v i t y .  When t h e  f i l m  i s  t h i c k  i t  
w i l l  h a v e  a  low r e f l e c t i v i t y ,  b e c a u s e  t h e  e x t r a  o p t i c a l  p a t h  
f o r  t h e  l i g h t  r e f l e c t e d  a t  t h e  d i e l e c t r i c - g l a s s  s u r f a c e  i s  X , 
c o r r e s p o n d i n g  t o  a  p h a s e  change  o f  2 t t  . As t h e  t i i i c k n e s s  
i n c r e a s e s  f u r t h e r ,  t h e  r e f l e c t i v i t y  r i s e s  u n t i l  i t  i s  a  
maximum a g a i n  f o r  a  t h i c k n e s s  o f  I f  a  f i l m  h a s  a
r e f r a c t i v e  i n d e x  low er  t h a n  t h a t  o f  t h e  g l a s s  s u b s t r a t e ,  t h e
è i
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l i g h t  r e f l e c t e d  a t  t h e  u p p e r  and  low er  s u r f a c e s  i s  o u t  o f  
p h a s e ,  f o r  a  t h i c k n e s s  o f  and an a n t i - r e f l e c t i o n  s u r f a c e  
i s  f o rm e d .
The r e f l e c t i v i t y  o f  a s i n g l e  q u a r t e r  wave f i l m  i s  g iv e n  by
2-.  2
^ 1
■"max
w h ere  n^ i s  t h e  r e f r a c t i v e  i n d e x  o f  t h e  f i l m  and  n^  t h a t  o f  
t h e  s u b s t r a t e . The r e f l e c t i v i t y  i s  a  maximum f o r  t h e  wave­
l e n g t h  a t  w h ich  t h e  f i l m  i s  a  q u a r t e r  wave t h i c k .
By u s i n g  a  number o f  f i l m s  o f  a l t e r n a t e l y  h i g n  and  low 
r e f r a c t i v e  i n d e x  and  e a c n  o f  o p t i c a l  t h i c k n e s s  v a r i o u s  
r e f l e c t i v i t i e s  up to  a  maximum o f  97^ may be a t t a i n e d .  To 
e n s u r e  t n a t  th e  l i g h t  r e f l e c t e d  f rom  e a c h  i n t e r f a c e  i s  i n  
p h a s e , f o r  an oad  number o f  f i l m s  t h e  r e f r a c t i v e  i n d e x  o r d e r  
on a  g l a s s  s u b s t r a t e  m ust  oe G ( G l a s s ) ,  H ( H i g h ) , L (Low), H, 
an d  f o r  an even number o f  f i l m s  G, L ,  H, L ,  H. F i g .  29 shows 
t h e  r e l a t i v e  p h a s e s  o f  t h e  r e f l e c t e d  l i g h t  f o r  two q u a r t e r  
wave f i l m s  d e p o s i t e d  on g l a s s ,  and  a l s o  f o r  a  t h r e e  l a y e r  
f i l m .  I n  t h e  o r d e r  GHL t h e  l i g h t  r e f l e c t e d  a t  t h e  a i r -  
c r y o l i t e  (AL) and c r y o l i t e - z i n c  s u l p h i d e  (LH) b o u n d a r i e s  i s  
o u t  o f  p h a s e ,  w h erea s  f o r  t h e  o r d e r  GLH i t  i s  i n  p h a s e .
The r e f l e c t i v i t i e s  a r e  14^ and  4Qè r e s p e c t i v e l y .
6 .2  PRODUCTION OF MJITILAÏER FllAlS .
T h in  d i e l e c t r i c  f i l m s  a r e  p ro d u o eu by th e r m a l  e v a p o r a t i o n  
i n  vacuum, t h e  c o n d i t i o n s  b e in g  s i m i l a r  to  t h o s e  r e q u i r e d
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f o r  m e t a l s .  The main d i f f i o a l t y  l i e s  i n  t h e  c o n t r o l  o f  t h e  
t h i c k n e s s  o f  e a c h  l a y e r  a s  t h e  m a t e r i a l  i s  d e p o s i t e d .  I t  i s  
n e c e s s a r y  to  m easure  t h e  t h i c k n e s s  d u r i n g  e v a p o r a t i o n  a s  
a c c u r a t e l y  and  s im p ly  a s  p o s s i b l e ,  w i t h o u t  b r e a k i n g  t h e  
vacuum. The most a c c u r a t e  and  c o n v e n i e n t  m ethods u t i l i s e  t h e  
o p t i c a l  r e f l e c t i n g  p r o p e r t i e s  o f  t h e  e v a p o r a t e d  f i l m s .
C o n t r o l  by t h e  c o l o u r  change  o f  t h e  r e f l e c t e d  l i g h t  was 
em ployed  i n  t h e  p r e s e n t  work, a n d  t h e  d e t a i l s  o f  t h e  method 
a r e  d i s c u s s e d  b e lo w .
E v a p o r a t i o n  C o n d i t i o n s .
The e v a p o r a t i o n  p l a n t  i s  o f  t h e  v e r t i c a l  t y p e ,  t h e
e v a p o r a t i n g  chamber c o n s i s t i n g  o f  a  P y r e x  b e l l  j a r  18 i n s .
" > " 4h i g h .  The e v a p o r a t i o n  p r e s s u r e  o f  10 nm. Hg. i s  p ro d u c e d  
by an o i l  d i f f u s i o n  pump b a c k e d  by a  r o t a r y  pump.
A l i s t  o f  t h e  d i e l e c t r i c  m a t e r i a l s  a v a i l a b l e  f o r  t h e  
p r o d u c t i o n  o f  m u l t i l a y e r  f i l m s  i s  g iv e n  i n  T a b le  3 *
TABLE 3 .
S u b s t a n c e R e f r a c t i v e  I n d e x M e l t i n g  P o i n t  °G
ZnS 2 .3 7 1 ,0 2 0
Sb2S^ 3 to  4 550
PbGlg 2 .2 501
T i  Og 2 .6 1 ,6 4 0
C r y o l i t e 1 .3 6 1 ,0 0 0
Mg F 2 1 .3 8 1 ,3 9 6
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A s u i t a o i e  m a t e r i a l  must  e v a p o r a t e  a t  a  t e m p e r a t u r e  below 
t h e  m e l t i n g  p o r n t  o f  t h e  f i l a m e n t  w i t h o u t  decom pos ing ,  have 
a  s u i t a b l e  r e f r a c t i v e  i n d e x ,  and  a  low o p t i c a l  a b s o r p t i o n .
The f i l m  p ro d u c e d  s h o u ld  be h i g h l y  r e s i s t a n t  to  a t m o s p h e r i c  
a t t a c k  and  d u r a b l e .  Of t h e  h i g h  r e f r a c t i v e  i n d e x  m a t e r i a l s  
l i s t e d  i n  T a b le  3 t i t a n i u m  d i o x i d e  t e n d s  to  decompose upon 
e v a p o r a t i o n  and an t im ony  s u l p h i d e ,  a l t h o u g h  i t  h a s  a  v e r y  
h i g h  r e f r a c t i v e  in d e x ,  i s  too  a b s o r b e n t . L ead  c h l o r i d e  h as  
a low m e l t i n g  p o i n t  and  i s  e a s i l y  e v a p o r a t e d ,  b u t  t h e  f i l m  
p r o d u c e d  i s  a t t a c h e d  by a t m o s p h e r i c  m o i s t u r e  and  i s  r e a d i l y  
s c r a t c h e d .  Z inc  s u l p h i d e  i s  f c u n d  to  be t h e  most s u i t a b l e  
m a t e r i a l  and  t h i s  was u s e d  i n  t h e  p r e s e n t  worm. Magnesium 
f l u o r i d e  an d  c r y o l i t e  a r e  e q u a l l y  good a s  low r e f r a c t i v e  
i n d e x  m a t e r i a l s ;  t h e  l a t t e r  was u s e d  tir iroughout t h e  p r e s e n t  
w o rk .
The f i l a m e n t s ,  w h ich  c o n t a i n  t h e  d i e l e c t r i c  m a t e r i a l s ,  
a r e  p l a c e d  c l o s e  t o g e t h e r  d i r e c t l y  u n d e r  t h e  sp ec im en s  to  be 
c o a t e d ,  w i t h  a  p i e c e  o f  g l a s s  between them t o  p r e v e n t  m a t e r i a l  
f r o m  one f i l a m e n t  c o n t a m i n a t i n g  t h a t  i n  t h e  o t h e r  d u r i n g  
e v a p o r a t i o n .  The f i l a n i e n t s  a r e  made f ro m  molybdenum s h e e t ,  
i n  t h e  fo rm  o f  "V" s h a p ed  b o a t s ,  t h e i r  s i z e  b e in g  l i m i t e d  by  
t h e  h e a t i n g  c u r r e n t  a v a i l a b l e .
E v a p o r a t i o n  P r o c e d u r e .
P r i o r  to  t h e  e v a p o r a t i o n  o f  m u l t i l a y e r s  t h e  g l a s s  f l a t s  
t o  be c o a t e d  a r e  t h o r o u g h l y  c l e a n e d .  They a r e  washed i n
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so ap  and  w a t e r ,  th e n  g e n t l y  d r i e d  and p o l i s h e d  w i t h  h i g h  
g r a d e  c o t t o n  wool u n t i l  t h e y  g i v e  no b r e a t h  f i g u r e s .  When 
t h e  p r e s s u r e  i n  th e  e v a p o r a t i n g  chamber h a s  been r e d u c e d  below 
0 . 5  mm Hg. a  h i g h  t e n s i o n  d i s c h a r g e  i s  p a s s e d  f o r  some 
m i n u t e s ,  i n  o r d e r  to  c l e a n  th e  spec im ens  f u r t h e r  by i o n i c  
bom bardm en t . A f t e r  c l e a n i n g ,  t h e  p r e s s u r e  i n  th e  chamber i s  
r e d u c e d  by th e  d i f f u s i o n  pump to  lO""^ mm. Hg. f o r  t h e  
e v a p o r a t i o n .
The m ethod  o f  t h i c k n e s s  c o n t r o l  o r i g i n a t e d  oy Banning 
(1947)  i s  v e r y  s im p le  and  g i v e s  q u i t e  a c c u r a t e  r e s u l t s .
The c o n t r o l  i s  e f f e c t e d  by  t h e  v i s u a l  o b s e r v a t i o n  o f  t h e  
change o f  c o l o u r  o f  t h e  l i g h t  r e f l e c t e d  f ro m  th e  f i l m .  As 
t h e  t h i c k n e s s  o f  t h e  f i l m  i n c r e a s e s  t h e  w a v e le n g th  f o r  w h ich  
t h e  f i l m  h a s  i t s  maximum r e f l e c t i v i t y  ch an g es  and  so t h e  
c o l o u r  o f  t h e  f i l m ,  a s  seen  i n  r e f l e c t i o n ,  c h a n g e s .  F o r  a  
z i n c  s u l p h i d e  f i l m  th e  c o l o u r  becomes w h i t e  when t h e  o p t i c a l  
t h i c k n e s s  i s  V  g r e e n  l i g h t ,  and  a s  t h e  t h i c k n e s s  
a p p r o a c h e s  t h e  f i l m  becom es a n t i r e f l e c t i n g  and  th e
3 \
r e f l e c t i o n  c o l o u r  ch a n g e s  to  a  d eep  m a g e n ta .  At t h e  
f i l m  i s  a g a i n  h i g h l y  r e f l e c t i n g  an d  t h e  c o l o u r  i s  g r e e n i s h -  
w h i t e .  c r y o l i t e  becomes m ag en ta  a t  w h i t e  a t  and 
m a g en ta  a g a i n  a t  . T a b l e  4 l i s t s  t h e  c o l o u r s  o f  
d i f f e r e n t  t h i c k n e s s e s  o f  z i n c  s u l p h i d e  and  c r y o l i t e  f i l m s  a s  
seen  i n  r e f l e c t i o n  a t  n e a r  no rm al  i n c i d e n c e .
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TABLE 4 .
C o lour O p t i c a l  T h i c k n e s s  
' For  G reen  L i g h t
ZnS C r y o l i t e
B l u e - w h i t e y e l lo w
w h i t e m a g en ta A/4
y e l lo w b l u e
m agen ta w h i t e V 2
b l u e y e l lo w
g r e e n i s h - w h i t e m agen ta 3 ^ / 4
y e l lo w b l u e
m agen ta g r  e e n i  sh -w h i  t  e X
The spec im ens  to  be c o a t e d  a r e  p l a c e d ,  t o g e t h e r  w i t h  a  
m o n i t o r  p l a t e ,  v e r t i c a l l y  above t h e  f i l a m e n t s  and  a s  f a r  away 
a s  p o s s i b l e  to  e n s u re  a  u n i f o r m  d e p o s i t .  The f i l a m e n t -  
spec im en  d i s t a n c e  i n  t h e  p r e s e n t  work was 10 i n s .  The 
m o n i t o r  p l a t e ,  c o n s i s t i n g  o f  a  r e c t a n g u l a r  p i e c e  o f  g l a s s ,  
can  be p a r t i a l l y  o r  w h o l l y  s h i e l d e d  f rom  t h e  e v a p o r a t i n g  
m a t e r i a l  by  a  movable s h u t t e r . T h i s  i s  o p e r a t e d ,  t h r o u g h  
a W ilson  s e a l ,  f rom  b e n e a t h  t h e  b a s e p l a t e .  As t h e  f i r s t  
l a y e r  i s  e v a p o r a t e d  t h e  s h u t t e r  i s  moved to  expose  a  sm a l l  
s e c t i o n  o f  t h e  m o n i to r  p l a t e  and  t h i s  i s  v iew e d  t h r o u g h  t h e  
t o p  o f  t h e  chamber ,  t h r o u g h o u t  t h e  e v a p o r a t i o n . The l i g h t  
s o u r c e  f o u n d  most s u i t a b l e  i s  a  6o w a t t  o p a l  b u l b .  When 
t h e  c o l o u r  o f  t h e  i r o n i t o r  i n  r e f l e c t i o n  i s  as  r e q u i r e d  t h e
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f i l a m e n t  c u r r e n t  i s  s w i t c h e d  o f f .  A f r e s h  s e c t i o n  o f  t h e  
m o n i to r  i s  ex p o s ed  f o r  e a ch  s u c c e s s i v e  l a y e r .  I n  t h i s  way 
any  number o f  l a y e r s  o f  any  t h i c k n e s s  can be d e p o s i t e d .
I t  h a s  been shown by B o l s t e r  ( 19 5 2 ) t h a t  i f  z i n c  s u l p h i d e  
i s  e v a p o r a t e d  a t  a  sp e e d  g r e a t e r  th a n  300 A p e r  m in u te  i t  
fo rm s  c o m p a r a t i v e l y  l a r g e  m i c r o - c r y s t a l s  w h ich  c a u s e  
a p p r e c i a b l e  s c a t t e r i n g  and  a b s o r p t i o n .  T h i s  s e t s  a  l i m i t  
to  t h e  speed  o f  e v a p o r a t i o n  o f  z i n c  s u l p h i d e ,  a l t h o u g h  no 
s u c h  p r e c a u t i o n  i s  n e c e s s a r y  f o r  c r y o l i t e .
The w eakness  o f  t h i s  m ethod  o f  t h i c k n e s s  c o n t r o l  l i e s  i n  
t h e  p e r s o n a l  e q u a t i o n  o f  t h e  o b s e r v e r ,  and  t h e  f a c t  t h a t  some 
o f  t h e  c o l o u r  ch a n g es  a r e  d i f f i c u l t  t o  o b s e r v e . I n  o r d e r  to  
overcom e t h i s  a  p h o t o e l e c t r i c  c o n t r o l  u n i t  was c o n s t r u c t e d  
s i m i l a r  to  t h a t  r e p o r t e d  by D u fo u r  (1 9 4 8 ) . I n  t r i i s  m ethod  
t h e  i n t e n s i t y  o f  m onochrom a t ic  g r e e n  l i g h t  r e f l e c t e d  f rom  t h e  
m o n i t o r  i s  m easu red  p h o t o e l e c t r i c a l l y  and  t h i s  s e r v e s  a s  an 
i n d i c a t i o n  o f  t h e  t h i c k n e s s  o f  t h e  f i l m .  I t  was fo u n d  t h a t  
t h e  c o n t r o l  by c o l o u r  change  was q u i t e  s a t i s f a c t o r y  f o r  
numbers  o f  l a y e r s  up  to  f i v e  an d  t h a t  o n l y  above t h i s  was t h e  
more a c c u r a t e  p h o t o e l e c t r i c  m ethod  r e q u i r e d .  I n  t h e  p r e s e n t  
work t h r e e - l a y e r  f i l m s  were u s e d  a lm o s t  e x c l u s i v e l y  and t h e s e  
w ere  q u i t e  s a t i s f a c t o r i l y  p ro d u c e d  w i t h  t h e  v i s u a l  c o n t r o l  
method  d e s c r i b e d  a b o v e .
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6 .3  PRüPERi'IES OF ivULTILAYER FlIiviS.
AS t h e  p r e s e n t  worx i s  o o n c e rn e d  o n ly  w i t n  t h e  i n t e r f e r o -  
m e t r i c  e x a m in a t io n  o f  m e t a l  s u r f a c e s  t h e  p r o p e r t i e s  o f  m u l t i ­
l a y e r s  and  t n e i r  a d v a n t a g e s  f o r  t i l l s  a p p l i c a t i o n  o n ly  w i l l  be 
d i s c u s s e d .  T h e i r  a p p l i c a t i o n  to  m u l t i p l e  beam i n t e r f e r o ­
m e t r y  i n  g e n e r a l  h a s  been d i s c u s s e d  by T o Ia n s k y  ( I9 5 2 )  and  
B e lk ,  T o Ia n s k y  and  T u r n b u l l  (1 9 5 4 ) .  The m e t a l  s u r f a c e s  
exam ined  i n  t h e  p r e s e n t  work have r e f l e c t i v i t i e s  o f  o r  
s l i g h t l y  l e s s  and  r e q u i r e  a p p r o x i m a t e l y  s i m i l a r  r e f l e c t i v i t i e s  
on t h e  o p t i c a l  f l a t  t o  p ro d u c e  t h e  most s a t i s f a c t o r y  f r i n g e s .  
F o r  t h i s  r e a s o n  t h e  m e r i t s  o f  r e l a t i v e l y  low r e f l e c t i v i t y  
m u l t i l a y e r  f i l m s  w i l l  be  com pared  w i t h  t h o s e  o f  s i l v e r  f i l m s  
o f  s i m i l a r  r e f l e c t i v i t y .
Of t h e  d i s a d v a n t a g e s  o f  s i l v e r  f i l m s  m e n t io n e d  i n  t h e  
i n t r o d u c t i o n  t o  t i i i s  c h a p t e r  t h e  f i r s t  named was t h a t  o f  t h e  
d e t e r i o r a t i o n  o f  t h e  r e f l e c t i o n  a n d  a b s o r p t i o n  p r o p e r t i e s  o f  
s i l v e r  f i l m s  w i t h  e x p o s u re  to  t h e  a t m o s p h e r e .  T n i s  i s  a  v e r y  
i m p o r t a n t  e f f e c t  and l i m i t s  t h e  u s e  o f  low r e f l e c t i v i t y  s i l v e r  
f i l m s  t o  a  few days  a f t e r  t h e i r  p r o d u c t i o n .  I n  t h e  c a s e  o f  
m u l t i l a y e r  f i l m s  o f  z i n c  s u l p h i d e  and c r y o l i t e ,  how ever ,  no 
s u c h  d e t e r i o r a t i o n  i s  a p p a r e n t  a f t e r  some m onths  o f  c o n t a c t  
w i t h  t h e  a t m o s p h e r e .  T h i s  r e d u c e s  t h e  number o f  e v a p o r a t i o n s  
c o n s i d e r a b l y  and  means t h a t  a p a r t  f ro m  a c c i d e n t s  su ch  a s  
s c r a t c h i n g  t h e  f i l m s  caxi be u s e d  f o r  v e r y  l o n g  p e r i o d s  . 
M u l t i l a y e r  f i l m s  made o f  o t h e r  d i e l e c t r i c  m a t e r i a l s  do n o t
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h av e  suon  o u t s t a n d i n g  a d v a n t a g e s  i n  t h i s  r e s p e c t .
The a b s o r p t i o n  o f  a l l  m u l t i l a y e r  f i l m s  i s  low ,  and  f o r  
low r e f l e c t i v i t i e s  i s  much low er  th a n  t h a t  o f  s i l v e r  f i l m s  
w h ic h  have a n o m a lo u s ly  h i g h  a b s o r p t i o n s  i n  t h e  low r e f l e c t i v i t y  
r a n g e .  T h i s  r e s u l t s  i n  m arked  im provem en ts  i n  b o t h  i n t e n s i t y  
and c o n t r a s t  o f  r e f l e c t i o n  f r i n g e s .  J a r r e t  ( I9 5 2 )  r e p o r t s  
t h a t  fo r  a  s e v e n - l a y e r  f i l m  ( f o u r  l a y e r s  o f  z i n c  s u l p h i d e  and 
t h r e e  o f  c r y o l i t e )  t h e  r e f l e c t i v i t y  i s  94^ and  t h e  a b s o r p t i o n  
1 ^ ,  w h i l e  a  s i l v e r  f i l m  o f  s i m i l a r  r e f l e c t i v i t y  h as  an 
a b so r p tio n  o f  %  (T o l a n s k y ,  1 9 4 6 ) . As t h e  number o f  l a y e r s  
i s  r e d u c e d  t h e  r e f l e c t i v i t y  an d  a b s o r p t i o n  d e c r e a s e .  The 
a b so r p tio n  f o r  low r e f l e c t i v i t y  m u l t i l a y e r  f i l m s  i s  n e g l i g i b l e  
and t h e  v i s i b i l i t y  o f  t h e  r e s u l t i n g  f r i n g e s  a s  n e a r  p e r f e c t  
a s  t h e  o p t i c a l  sy s tem  em ployed w i l l  a l l o w .  The a b s o r p t i o n  
a r i s e s  m a in ly  i n  t h e  z i n c  s u l p h i d e  l a y e r s  an d  seems to  depend 
on p u r i t y ,  vacuum c o n d i t i o n s ,  an d  r a t e  o f  d e p o s i t i o n a t t e n t i o n  
t o  t h e s e  p o i n t s  may l e a d  t o  a  f u r t h e r  im provem ent  i n  m u l t i l a y e r  
f i l m  p r o p e r t i e s .
The r e p r o d u c i b i l i t y  o f  a  r a n g e  o f  r e f l e c t i v i t i e s  and 
a b s o r p t i o n s  i s  a  f u r t h e r  a d v a n ta g e  o f  m u l t i l a y e r  f i l m s .  A 
l i s t  i s  g iv e n  i n  T a b le  5 t h e  r e f l e c t i v i t i e s  o f  t h e  r a n g e  
o f  n u l t i l a y e r  f i l m s ,  and t h e i r  r e s p e c t i v e  num bers  o f  l a y e r s ,  
f o r  z i n c  s u l p h i d e  and  c r y o l i t e  on a  g l a s s  s u b s t r a t e  o f  
r e f r a c t i v e  i n d e x  1 . 5 .
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TABLE 5 .
Number o f  
L a y e r s
R e f r a c t i v e  I n d e x  
O rd e r
R e f l e c t i v i t y
1 GH 31
2 GLH 40
3 GHLH 67
4 GLHLH 72
5 GHLHLH 37
7 GHLHLHLH 94
9 GHLHLHLHLH 97
I n  t h e  c e n t r e  column o f  T a b le  5 G" r e f e r s  to  g l a s s ,  H to  
h i g h  and  L to  low r e f r a c t i v e  i n d e x  m a t e r i a l .  T h i s  t a b l e  o f  
v a l u e s  w h ich  a r e  r e p r o d u c i b l e  to  w i t h i n  a  few p e r  c e n t ,  c o v e r s  
t h e  whole r a n g e  r e q u i r e d  f o r  m u l t i p l e  beam i n t e r f e r o m e t r y . 
H aving  s e l e c t e d  t h e  r e q u i r e d  r e f l e c t i v i t y  i t  can be p ro d u c e d  
by  e v a p o r a t i n g  t h e  r e q u i s i t e  number o f  l a y e r s  i n  t h e  c o r r e c t  
o r d e r .  Thus a l l  e l e m e n t s  o f  t r i a l  and  e r r o r  a r e  removed 
f r o m , t h e  e v a p o r a t i o n  p r o c e s s .
Holden ( I9 4 9 )  showed t n a t  t h e r e  was an anom alous  p h as e  
change  on r e f l e c t i o n  a t  t h e  s u r f a c e  o f  a  s i l v e r  f i l m  which  
g av e  r i s e  to  a s y m m e t r i c a l  r e f l e c t i o n  f r i n g e s .  The norm al  
d a r k  r e f l e c t i o n  f r i n g e  i s  b o r d e r e d  by a  b r i g h t  e d g e .  T h i s  
o c c u r s  p a r t i c u l a r l y  i n  t h e  r a n g e  o f  r e f l e c t i v i t i e s  r e q u i r e d  
f o r  t h e  e x a m in a t io n  o f  m e ta l  s u r f a c e s  and  a f f e c t s  t h e  l o c a l
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a c c u r a c y  o f  f r i n g e  m e a s u re m e n t .  The phase  change  on 
r e f l e c t i o n  a t  a  m u l t i l a y e r  s u r f a c e ,  how ever ,  i s  TT; and  i t  
can be shown t h e o r e t i c a l l y  and  v e r i f i e d  e x p e r i m e n t a l l y  t r i a t  
t h i s  g i v e s  r u s e  to  s y m m e t r i c a l  d a rk  f r i n g e s  on a  b r i g h t  
b a c k g ro u n d .  T h i s  p r o p e r t y  o f  m u l t i l a y e r  f i l m s  o f  g i v i n g  a  
known p h as e  onange on r e f l e c t i o n ,  h a s  been u t i l i s e d  to  v e r i f y  
H o l d e n ' s  work on t h e  i n t e n s i t y  d i s t r i b u t i o n  o f  r e f l e c t i o n  
f r i n g e s  (B e lk ,  I 9 5 4 ) .
As t h e  component f i l m s  a r e  o n l y  t n e  c o r r e c t  t h i c k n e s s  
f o r  one w a v e le n g th  t h e  r e f l e c t i v i t y  o f  m u l t i l a y e r  f i l m s  v a r i e s  
c o n s i d e r a b l y  w i t h  t h e  w a v e l e n g th .  The r e f l e c t i v i t y - w a v e -  
l e n g t h  c h a r a c t e r i s t i c s  o f  a  t h r e e  a n a  s e v e n - l a y e r  f i l m  a r e  
g iv e n  i n  f i g .  ')0 . They b o th  have  t h e i r  maximum r e f l e c t i v i t y  
i n  t h e  g r e e n  and  f a l l  o f f  to w a rd s  t n e  r e d  and  v i o l e t  ends  o f  
t h e  s p e c t r u m .  These  w a v e l e n g t n - r e f l e c t x v i t y  c h a r a c t e r i s t i c s  
may be v e r y  r e a d i l y  fo u n d  by  means o f  t h e  f r i n g e s  o f  e q u a l  
c h r o m a t i c  o r d e r .  The w h i t e  l i g h t  t r a n s m i s s i o n  f r i n g e s  o f  
e q u a l  c h r o m a t i c  o r d e r ,  o v e r  a  w a v e le n g th  ranige y/OQ -  3^00 A . ,  
f o r  a  p a i r  o f  s e v e n - l a y e r  r e f l e c t o r s  d e p o s i t e d  on g l a s s ,  a r e  
shown i n  f i g .  j l . The r e f l e c t i v i t y  i s  a  maximum a t  4700 A 
as  t h e  s i i a r p e s t  f r i n g e  o c c u r s  a t  a b o u t  t h i s  w a v e l e n g t h .  As 
t h e  r e f l e c t i v i t y  d e c r e a s e s  t h e  f r i n g e  d e f i n i t i o n  d e t e r i o r a t e s ,  
b u t  i t  i s  a  m a t t e r  o f  c o n s i d e r a b l e  x n t e r e s t  t n a t  t h e  f r i n g e  
d e f i n i t i o n  h a s  o n l y  f a l l e n  o f f  a l i t t l e  o v e r  a  r a n g e  o f  
300 A f rom  t h e  maximum. The r a p i d  d e t e r i o r a t i o n  i n t o  a
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oontinuuiïi  beyond 5500 A i s  s t r i k i n g ;  t h i s  i n d i c a t e s  t h a t  
a l t h o u g h  t h e s e  p a r t i c u l a r  f i l m s  w i l l  g i v e  e x c e l l e n t  f r i n g e s  
i n  t h e  b lu e  t h e y  a r e  a l m o s t  t r a n s p a r e n t  i n  t h e  r e d .  I t  
m ig h t  be a n t i c i p a t e d  t h a t  t h i s  v a r i a t i o n  o f  f r i n g e  s h a r p n e s s  
w i t h  w a v e le n g th  would r u l e  o u t  t h e  u se  o f  m u l t i l a y e r  f i l m s  
f o r  t h e  e x a m in a t io n  o f  s u r f a c e s  by e q u a l  c n r o m a t i c  o r d e r  
f r i n g e s .  T h i s  i s  n o t  t h e  c a s e ,  ho w ev e r , a s  i f  a  f i l m  o f  
r e f l e c t i v i t y  i s  m a t c h e d  a g a i n s t ' a  s u r f a c e  o f  r e f l e c t i v i t y  
t h e  f r i n g e  w id th  i s  d e t e r m i n e d  by  t h e  c o m b in a t io n  >/Rj_R2. 
F o r  a l l  t h e  p o l i s h e d  m e t a l  s u r f a c e s  u s e d  i n  t h e  p r e s e n t  work  
t h e  v a l u e  o f  R^ was c o n s t a n t  o v e r  t h e  v i s i b l e  s p e c t r u m ,  and 
even  th o u g h  t h e  v a l u e  o f  R^ was v a r i a b l e  t h e  c o m b in a t io n
/ ^ 1 ^ 2  o f  s u f f i c i e n t  v a l u e  to  g i v e  s h a r p  e q u a l  c h r o m a t i c
o r d e r  f r i n g e s  o v e r  t h e  whole  o f  t h e  v i s i b l e  s p e c t r u m .
N o rm a l ly  t h e  o p t i c a l  t h i c k n e s s  o f  t h e  component l a y e r s  
o f  a  m u l t i l a y e r  r e f l e c t o r  i s  a  q u a r t e r  o f  a  w a v e le n g th .
The same maximum r e f l e c t i v i t i e s  a r e  g i v e n  f o r  l a y e r s  o f  
t h i c k n e s s  any odd m u l t i p l e  o f  t h i s .  The a b s o r p t i o n  i s  
i n c r e a s e d  and  th e  w a v e l e n g t h - r e f l e c t i v i t y  c h a r a c t e r i s t i c  i s  
c o m p l e t e l y  ch a n g e d .  The peak i n  t h e  r e f l e c t i v i t y  d i s t r i b u t i o n  
becomes much s h a r p e r  a b o u t  t h e  maximum v a l u e .  Thus a  f i l m  
whose component l a y e r s  a r e  t h r e e  q u a r t e r s  o f  a  w a v e le n g th  
o p t i c a l  t h i c k n e s s  m ig h t  nave  a  h i g h  r e f l e c t i v i t y  i n  t h e  g r e e n  
and  be c o m p le t e l y  t r a n s p a r e n t  i n  t h e  r e d  and  b l u e .  T h i s  
p r o p e r t y  was f i r s t  r e p o r t e d  by Banning  ( 1^4 J) and  h a s  been  
a d a p t e d  to  r e v e a l  s u r f a c e  f e a t u r e s  wnen em ploy ing  t h e
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m ic r o s c o p e  f o r  m u l t i p l e  oeam s t u d i e s .
I f  a specim en w i t n  a  s t r u c t u r e d  s u r f a c e  i s  examined 
i n t e r f e r o m e t r i c a l l y  t h e  m i c r o s c o p i c  d e t a i l s  o f  th e  s u r f a c e  
f e a t u r e s  a r e  f r e q u e n t l y  o b l i t e r a t e d .  The f r i n g e s  c o n t o u r  
t h e  s u r f a c e  f e a t u r e s  b u t  t h e  f e a t u r e s  t h e m s e l v e s  a r e  n o t  
v i s i b l e .  The cause  o f  t h i s  m ask in g  o f  s u r f a c e  d e t a i l  i s  
t h e  r e f l e c t i v i t y  o f  t h e  m a tc h i n g  s u r f a c e ,  a s  t h e  f r a c t i o n  o f  
t h e  l i g h t  w hich  p e n e t r a t e s  t o  t h e  spec im en  s u r f a c e  an d  i s  
d i f f r a c t e d  back i s  swamped by t h e  i n t e n s e  f i r s t  beam d i r e c t l y  
r e f l e c t e d  f rom  t h e  o p t i c a l  f l a t .  The s u r f a c e  u n d e r  s tu d y  
can  o n l y  n iod ify  t h e  i n t e n s i t y  i n  t h e  n a r ro w  f r i n g e  r e g i o n s .
In  o r d e r  to  overcome t h i s  d i f f i c u l t y  seco n d  o r d e r  i r u l t i l a y e r  
f i l m s  have  been  u s e d  (component l a y e r s  ^  o p t i c a l  t h i c k n e s s ) .  
F i r s t  f r i n g e s  a r e  o b t a i n e d  w i t h  t h e  c o r r e c t  w a v e l e n g t h .  On 
c h a n g in g  to  a  w a v e le n g th  b a n d  f o r  winich t h e  m u l t i l a y e r  f i l m  
i s  e f f e c t i v e l y  t r a n s p a r e n t ,  t h e  s u r f a c e  can be s e e n  w i t h  no 
f r i n g e s ,  w i t h o u t  any  change  i n  t h e  o p t i c a l  s e t  u p .  An 
a p p l i c a t i o n  i s  shown i n  f i g s . '}2 and  3 3 * H a rd n e s s  t e s t  
i n d e n t a t i o n s  were made on a  c r u d e l y  p o l i s h e d  s t e e l  spec im en  
h a v i n g  on i t  s e v e r a l  r e s i d u a l  s c r a t c h e s .  The f r i n g e s  g iv e n  
b y - m a tc h in g  t h i s  w i t h  a  se c o n d  o r d e r  m u l t i l a y e r  f i l m  whose 
maximum r e f l e c t i v i t y  was a t  a b o u t  5 ,5 0 0  A . ,  and  i l l u m i n a t i n g  
w i t h  m e rc u ry  g r e e n  l i g h t  a r e  shown i n  f i g .  3 2 . By ch a n g in g  
t o  a  r e d  f i l t e r e d  c a rb o n  a r c  s o u r c e  f i g . 33 i s  o b t a i n e d .
T h e re  a r e  no f r i n g e s  and  a  h i g h  d e f i n i t i o n  m ic ro s c o p e  image 
o f  t h e  s u r f a c e  i s  g i v e n .
79.
The f i n a l  a d v a n ta g e  o f  m u l t i l a y e r  f i l m s  o v e r  s i l v e r  
f i l m s  f o r  t h e  i n t e r f e r o m e t r i c  s tu d y  o f  m e t a l  s u r f a c e s  i s  
t h e i r  much g r e a t e r  r e s i s t a n c e  to  s c r a t c h i n g .  The mietal 
spec im en  i s  p l a c e d  i n  c o n t a c t  w i t h  t h e  h i g h  r e f l e c t i n g  
l a y e r ,  f o r  r e a s o n s  g i v e n  i n  C h a p te r  5,  and  any  s u b s e q u e n t  
movement o f  t h e  spec im en  w i l l  t e n d  to  s c r a t c h  th e  l a y e r .
T h i s  i s  v e r y  n o t i c e a b l e  i n  t h e  c a s e  o f  s i l v e r  f i l m s  whose 
m e c h a n ic a l  p r o p e r t i e s  a r e  q u i t e  poo r  i n  t h i s  r e s p e c t .  
M u l t i l a y e r  f i l e r s  a r e  v e r y  much more r o b u s t  f o r  t n i s  work and  
can even be g e n t l y  w ip e d  w i t h  c o t t o n  wool to  remove d u s t  
p a r t i c l e s ,  a  t r e a t m e n t  w h ich  would c o m p l e t e l y  d e s t r o y  a  t h i n  
s i l v e r  l a y e r .
P A R T  3
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CHAPTER 7 .
FLOvV PaTTERInI SHAPE.
The i m p r e s s i o n s  w h ich  o c c u r  i n  h a r d n e s s  t e s t i n g  a r e  
p r e d o m i n a n t l y  o f  t h e  r i d g i n g  t y p e .  I n  t h e  p r e s e n t  work  t h e  
f lo w  p a t t e r n s  m easu red  w ere  a l l  v e r y  s i m i l a r  i n  s e c t i o n  to  
t h a t  shown i n  f i g .  2 6 . The r a t i o  o f  t h e  d i a m e t e r  o f  t h e  
f lo w  p a t t e r n  to  t h a t  o f  t h e  i n d e n t a t i o n  v a r i e d ,  a s  d i d  t h e  
maximum h e i g h t  o f  t h e  f l o w ,  bu t  by means o f  s u i t a b l e  m u l t i ­
p l y i n g  f a c t o r s  most o f  t n e  f lo w  p a t t e r n s  c o u l d  be s u p e r im p o s e d  
on e a c h  o t h e r  w i t h  c o n s i d e r a b l e  a c c u r a c y .  T n i s  s i m i l a r i t y  
o f  f lo w  p a t t e r n  shape f o r  v a r i o u s  i n d e n t e r s  was s t r i k i n g .
T h i s  f lo w  p a t t e r n  shape  i s  s i m i l a r  t o  t h a t  r e p o r t e d  by 
D u g d a le  f o r  wedge i n d e n t a t i o n s  i n  w o rx -h a rd e n e d  m e t a l s .
I n  o r d e r  to  be a o l e  t o  compare t h e  r e l a t i v e  e x t e n t s  o f  
f l o w  p a t t e r n s  a  p a r a m e t e r ,  wii ich  i s  r e f e r r e a  to  a s  t h e  " h a l f  
w i d t h " , was d e f i n e d .  The d e f i n i t i o n  i s  i l l u s t r a t e d  i n  
f i g .  3 4 .  A i s  inalf  t n e  maximum h e i g h t  o f  t h e  f lo w  p a t t e r n "  
above t h e  un d i s t o r t e d  l e v e l .  BG i s  t h e  h o r i z o n t a l  d i s t a n c e  
o f  A f ro m  t h e  edge o f  t h e  i n d e n t a t i o n . The h a l f  w i d t h  W 
i s ' d e f i n e d  by t h e  f o rm u la
W = ^ d
w iie re  d i s  t h e  c h o r d a l  d i a m e t e r  o f  th e  i n d e n t a t i o n  . The 
v a l u e  o f  t h e  h a l f  w i d t h  w i l l  be l a r g e r  f o r  a  f l o w  p a t t e r n  
whose e x t e n t  i s  g r e a t e r ,  r e l a t i v e  to  t h e  d i a m e t e r  o f  t h e  
i n d e n t a t i o n .  The h a l f  w i d t h  h a s  p ro v ed  to  be  a  u s e f u l
BF ig . 54 .
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m e a su re  o f  f lo w  p a t t e r n s  an d  w i l l  be employed t i i ro u g h o u t  t h e  
p r e s e n t  w ork .
T o la n s k y  and  N i o k o l s  ( 1 9 5 2 ) f o u n d  t h a t  f o r  p y ram id  
i n d e n t a t i o n s  i n  s t e e l  a n d  f o r  a  r a n g e  o f  l o a d s  t h e  f l o w  
p a t t e r n s  w ere  " a lm o s t  i d e n t i c a l l y  r e p e a t e d  b u t  on i n c r e a s i n g  
s c a l e s " . The v a l u e s  o f  W f o r  t h e s e  i m p r e s s i o n s  w ould  be 
t h e  same, an d  t h i s  h a s  been v e r i f i e d  by t h e  p r e s e n t  a u t h o r .  
V a l u e s  o f  V/ d e t e r m in e d  e x p e r i m e n t a l l y  f o r  a  r a n g e  o f  m a t e r i a l s  
and  i n d e n t e r s  do v a r y  c o n s i d e r a b l y  and i n  t h i s  c h a p t e r  t h e  
e x p e r i m e n t a l  r e s u l t s  w i l l  be d e s c r i b e d  and  t h e i r  t n e o r e t i c a l  
i n t e r p r e t a t i o n  i n d i c a t e d .
7 .1 VARIATION yiTH #0RK-HARDEI^1NG CAPACITY. '
Prom p u r e l y  g e o m e t r i c  c o n s i d e r a t i o n s  i t  i s  to  be e x p e c t e d  
t h a t  t h e  f lo w  p a t t e r n  snape  w i l l  be d e p e n d en t  on t h e  g e o m e t r i c  
shape  o f  t h e  i n d e n t e r .  I n  o r d e r  to  a v o i d  t h i s  c o m p l i c a t i o n  
t h e  r e s u l t s  i n  t h i s  s e c t i o n  a r e  a l l  m easu rem en ts  o f  d iamond 
p y ra m id  i m p r e s s i o n s .  M easu rem en ts  were made o f  t h e  f lo w  
p a t t e r n s  a l o n g  t h e  p e r p e n d i c u l a r  b i s e c t o r s  o f  t h e  s i d e s  o f  
t h e  i n d e n t a t i o n s .  T h i s  i s  t h e  l i n e  a l o n g  w h ich  th e  maximum 
f lo w  h e i g h t  o c c u r s .
I n  t h e  f i r s t  p l a c e  v a l u e s  o f  t h e  h a l f  w id th  and  Meyer 
i n d e x  n o f  t h r e e  s t e e l  sp e c im e n s  were f o u n d .  The r e s u l t s  
a r e  g i v e n  i n  T a b le  6 an d  i t  w i l l  be seen  t h a t  a s  t h e  w ork-  
h a r d e n i n g  c a p a c i t y ,  i . e .  t h e  Meyer i n d e x  i n c r e a s e s ,  t h e  h a l f  
Yt/idth a l s o  i n c r e a s e s .
8 2 . 
TABLE 6 .
Specimen
Number
Meyer
I n d e x
H a l f
Width
7 2 . 1 6 0 .3 9
8 2 .2 2 0 .4 5
1 2 . ............ . . . ... . 2 , 2 1 ................... 0 .6 5
Thus an  i d e a l  m e t a l  w ould  be e x p e c t e d  to  have a  v e r y  compact 
r i d g i n g  ty p e  o f  f low  p a t t e r n .  T h i s  i s  i n  a c c o r d a n c e  w i t h  t h e  
work o f  Krupkowski (1931)  who fo u n d  i n d i r e c t l y  t h a t  t h e  h e i g h t  
o f  t h e  f lo w  p a t t e r n  d e c r e a s e d  and  i t s  e x t e n t  i n c r e a s e d ,  a s  t h e  
m e t a l  was w o r k - h a r d e n e d .
In  o r d e r  t o  v e r i f y  t h i s  g e n e r a l  c o n c l u s i o n  spec im ens  o f  
s i l v e r  and  s t e e l  were h e a t  t r e a t e d  a t  s u c c e s s i v e l y  h i g h e r  
t e m p e r a t u r e s ,  and  v a l u e s  o f  Meyer i n d e x ,  D . P . H . ,  and  h a l f  
w i d t h ,  w ere  fo u n d .  The r e s u l t s  a r e  g iv e n  i n  T a b l e  ~] *
TABLE 7 .
Specimen
Number
H ea t  T re a tm e n t Meyer
I n d e x
H a l f
W id th
D .P .H .
6 As r o l l e d 2 .1 0 0 .4
1
202
400^G f o r  1 .5  h r  s . 2 . 3 4 0 .4 5 186
350*^0 f o r  20 m i n s . 2 .3 6 1 .0 7 105
' 3 AS R o l l e d 2 .3 2 0 . 5 8 0 .0
200^0 f o r  1 . 5  h r  s . 2 .6 6 1 .0 3 4 2 .0
400^0 f o r  1 .5  h r s . 2 .5 8 1 .2 8 3 3 .1
600^0 f o r  1 .5  h r s . 2 .5 3 — 1 9 .4
800^0 f o r  1 .5  h r s . 2 .8 2 — 1 8 .8
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F o r  s t e e l  t h e  a n n e a l e d  o o n d i t i o n  g i v e s  an e x t e n d e d  r i d g i n g  
e f f e c t ,  and  no s i n k i n g . T h i s  e f f e c t  was a l s o  fo u n d  by 
13 o r  b u ry  and  Sarmel ( I 9 2 8 )  . The h a l f  w i d t h  v a r i e s  i n v e r s e l y  
w i t h  t h e  V i c k e r s  h a r d n e s s  and  c h a n g e s  iiiuch more r a p i d l y  t h a n  
t h e  Meyer i n d e x  f o r  s m a l l  am ounts  o f  w o r k - h a r d e n i n g . For  
s i l v e r  s i m i l a r  r e l a t i o n s  h o l d ,  b u t  s i n k i n g  o c c u r s  i n  th e  
s p ec im e n s  t r e a t e d  a t  600^C and  80 0^0> h en ce  no v a l u e s  o f  h a l f  
w i d t h  can be q u o t e d .  F i g . 35 i s  t h e  F i z e a u  i n t e r f e r o g r a m  o f  
t h e  spec im en  t r e a t e d  a t  600^C. S i n k i n g  can  be seen  
d i s t i n c t l y  n e a r  t h e  i n d e n t a t i o n ,  b u t  t h e r e  i s  a  d e f i n i t e  
p i l i n g  up e f f e c t  w i t h  i t s  maximum some I . 5  D f ro m  t h e  c e n t r e  
o f  t h e  i n d e n t a t i o n .  For  t h e  sp ec im en s  t r e a t e d  a t  200^0 and  
400^0 v e r y  s l i g h t  s i n k i n g  c l o s e  t o  t h e  edge o f  t h e  i n d e n t a t i o n  
i s  v i s i b l e ,  s i m i l a r  to  t h a t  shown i n  f i g .  26 .
Tne r e s u l t s  on t h e  s i l v e r  sp ec im en s  show t h a t  t h e  
maximum o f  t h e  f lo w  p a t t e r n  moves away from  t h e  i n d e n t e r  a s  
t h e  w o rk - h a r d e n i n g  c a p a c i t y  o f  t h e  spec im en  i s  i n c r e a s e d  by 
p r o g r e s s i v e  t e m p e r i n g . Even i n  t h e  c a s e  o f  d i s t i n c t  r i d g i n g  
t h e  maximum h e i g h t  o f  t h e  f lo w  p a t t e r n  i s  a t  a  s m a l l  d i s t a n c e  
f ro m  t h e  edge o f  t h e  i n d e n t a t i o n .  As t h e  w o r k - n a r d e n i n g  
c a p a c i t y  i s  i n c r e a s e d  t h e  s i n k i n g  a d j a c e n t  t o  t h e  i n d e n t e r  
becomes more a p p a r e n t  a n d . t h e  maximum o f  t h e  f lo w  p a t t e r n  
moves away from t h e  i n d e n t e r .  Thus t h e  c h a r a c t e r i s t i c  
s i n k i n g  ty p e  o f  i m p r e s s i o n  i s  m e r e ly  a v e r y  s p r e a d  o u t  
r i d g i n g  w i t h  i t s  f lo w  h e i g h t  r e d u c e d  i n  p r o p o r t i o n .  The 
m e asu rem e n ts  o f  t h e  s i n k i n g  i m p r e s s i o n s  s u p p o r t  t h i s  v iew .
8 4 .
a n d  i n  t i i i s  way t h e  t r a n s i t i o n  f rom  t h e  r i d g i n g  to  t h e  s i n k i n g  
t y p e  o f  i m p r e s s i o n  becomes much more e a s y  to  v i s u a l i s e .
F i n a l l y ,  some i n d e n t a t i o n s  were made i n  th e  c o p p e r  and  
s i l v e r  s p e c im e n s ,  numbers  2 and  3 dn f a b l e  1 w rncn  h ad  been 
c o ld -w o r k e d  by known am o u n ts .  They were a n n e a l e d  th e n  c o l d  
r o l l e d ,  t h e i r  p e r c e n t a g e  r e d u c t i o n s  i n  t h i c k n e s s  b e i n g ,  f o r  
s i l v e r  1 . 6 ,  4 .5 , 9*3 &nd 1 8 . 2 , and  f o r  co p p e r  2 . 0 ,  3 . 9 ,  8 .5  
and  1 8 .4 . F o r  b o t h  py ram id  and  b a l l  i n d e n t a t i o n s  i n  t h e s e  
sp e c im e n s  a l l  t h e  f lo w  p a t t e r n s  were o f  t h e  r i d g i n g  t y p e .
As th e  w o rk - h a r d e n i n g  i n c r e a s e d  t h e  maximum h e i g h t  o f  f lo w  
i n c r e a s e d  and  t h e  e x t e n t  o f  t h e  f lo w  d e c r e a s e d .  S l i g h t  
s i n k i n g  c l o s e  to  t h e  edge was v i s i b l e  f o r  t h e  s m a l l e s t  
r e d u c t i o n  i n  t h i c k n e s s  o n l y .  As t h e  m a t e r i a l s  h a d  a  f a i r l y  
l a r g e  g r a i n  s i z e  t h e  f lo w  p a t t e r n s  were s u f f i c i e n t l y  
u n s y m m e t r i c a l ,  t o  be u n s u i t a o l e  f o r  m easu rem en ts  o f  h a l f  w i d t h  
Thus s i n k i n g  o n l y  o c c u r s  f o r  v e r y  s m a l l  am ounts  o f  w ork-  
h a r d e n i n g .  The c r i t i c a l  v a l u e  o f  t h e  w o r k - h a r d e n i n g  f o r  t h e  
t r a n s i t i o n  f ro m  t h e  r i d g i n g  to  t h e  s i n k i n g  t y p e  o f  i m p r e s s i o n  
i n  co p p e r  i s  g iv e n  by Krupkow ski  (1 9 3 I )  &s ^ , by i n d i r e c t  
m e asu rem e n ts  on cone a n d  b a l l  i n d e n t a t i o n s .  D i r e c t  m e asu re ­
ment si'iows t h a t  t h i s  v a l u e  i s  to o  l a r g e ,  t h e  a c t u a l  v a l u e  
b e i n g  som e th in g  l e s s  t h a n  ^ , f o r  Doth co p p e r  and  s i l v e r .
7 .2  VAHIATIQK #1TH IhDENTATIOlM SHAPE.
B a l l  i n d e n t a t i o n s  made u n d e r  s u c c e s s i v e l y  i n c r e a s i n g  
l o a d s  ca u se  i n c r e a s i n g  am ounts  o f  s t r a i n - h a r d e n i n g ,  a s  t h e
8 5 .
i n d e n t a t i o n s  a r e  n o t  g e o n i e t r i o a l l y  s i m i l a r .  I n d e n t a t i o n s  
t h a t  a r e  n o t  g e o m e t r i c a l l y  s i m i l a r  v/ould be e x p e c t e d  to  g i v e  
f lo w  p a t t e r n s  w h ich  d i f f e r e d  f rom  ea c h  o t h e r ,  and  t h i s  i s  
f o u n d  to  be t h e  c a s e .  U n l i k e  p y ra m id a l  i m p r e s s i o n s ,  t h e  h a l f  
w i d t h s  o f  b a l l  i m p r e s s i o n s  v a r y  w i t h  t h e  l o a d .  F i g .  36 shows 
g r a p h s ,  f o r  f o u r  s t e e l  s p e c im e n s ,  o f  n a i f  w i d t h  // a g a i n s t  t h e  
c h o r d a l  d i a m e t e r  d .  They a r e  p l o t t e d  i n  t i i i s  way so t h a t  
t h e  h a l f  w i d t h  may be com pared  w i t h  th e  g e o m e t r i c  shape  o f  
t h e  i n d e n t a t i o n ,  w n ich  i s  s p e c i f i e d  by i t s  d i a m e t e r  and  n o t  
t h e  l o a d  a p p l i e d .  The g r a p h s  a l l  snow a d e c r e a s e  o f  W a s  t h e  
d i a m e t e r  i n c r e a s e s  and  two o f  them show an i n i t i a l  i n c r e a s e .
F o r  a l l  sp ec im en s  t h e  h a l f  w id t h  o f  t h e  i m p r e s s i o n s  made above 
a c e r t a i n  l o a d  d e c r e a s e s  w i t h  f u r t h e r  i n c r e a s e  o f  l o a d .  The 
num bers  o f  t h e  g r a p h s  i n  f i g . 36 r e f e r  to  t h e  specimen num bers  
g iv e n  i n  T a b l e  1 .
T h e r e  a r e  two main m echanisms i n v o l v e d  i n  b a l l  i n d e n t a t i o n  
t e s t s ;  t h e  t r a n s i t i o n  to  f u l l y  p l a s t i c  d e f o r m a t i o n ,  and  t h e  
v a r i a t i o n  o f  s t r a i n  p a t t e r n  w i t h  t h e  shape  o f  t h e  i n d e n t a t i o n .  
I n  o r d e r  t o  s tu d y  th e  f o rm e r  o f  t h e s e ,  b a l l  i n d e n t a t i o n s  were  
made i n  spec im en  number 17 whose h a r d n e s s  was 950 D .P .H .
Thé l o a d s  employed were  2 , 5 , 1 0 , 2 0 , 4 0 , 80 and  120 k g .  and  
t h e  f lo w  p a t t e r n s  w ere  m easu red  e i t h e r  by F i z e a u  o r  e q u a l  
c h r o m a t i c  o r d e r  f r i n g e s .  The v e r y  s h a l lo w  2 k g .  i n d e n t a t i o n  
gav e  no d e t e c t a b l e  f lo w  p a t t e r n .  The 5 k g . i n d e n t a t i o n  gave  
a  f lo w  p a t t e r n  wiiich was c o n f i n e d  v e r y  c l o s e l y  to  t h e
F ig . 37 >^soo
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i n d e n t a t i o n .  The f r i n g e s  o f  eq.nal c n r o i m t i o  o r d e r  o v e r  
t h i s  i n d e n t a t i o n  a r e  shown i n  f i g .  3 7 .  The f r i n g e s  r e v e a l  
t h e  shape  o f  t h e  i n d e n t a t i o n  c l e a r l y ,  and  t h e  f lo w  p a t t e r n  
a p p e a r s  a s  a sm a l l  hump c l o s e  t o  t h e  edge o f  t n e  i n d e n t a t i o n .  
The 10 k g .  i n d e n t a t i o n  gave  a  m e a s u r a b le  f lo w  p a t t e r n ,  and t h e  
h a l f  w i d t h s  f o r  t h i s  an d  t h e  l a r g e r  i n d e n t a t i o n s  a r e  p l o t t e d  
i n  f i g . 3 8 ,  The c r i t i c a l  l o a d  f o r  f u l l  p l a s t i c i t y  i s  a l s o  
g i v e n  and  t h e  h a l f  w i d t h  i s  se en  to  r e a c h  i t s  maximum a t  a b o u t  
t h i s  v a l u e .  T h i s  i s  s i g n i f i c a n t  a s  t h e  i n c r e a s e  i n  e x t e n t  o f  
t h e  flovi/ p a t t e r n  below f u l l  p l a s t i c i t y  m us t  be l i n k e d  w i t h  
t h e  mechanism i n v o l v e d  i n  th e  i n d e n t a t i o n  p r o c e s s .  The 
c r i t i c a l  l o a d  f o r  f u l l  p l a s t i c i t y  comes i n  a  s i m i l a r  p o s i t i o n  
f o r  sp ec im e n s  1 3 ? 14 and  15 whose g r a p h s  were  shown i n  f i g .  36
7 .3  DISCUSSION.
The main e x p e r i m e n t a l  c o n c l u s i o n s  w h ich  have  to  be 
e x p l a i n e d  a r e ,  t h e  d e c r e a s e  i n  t h e  h a l f  w i d t h  a s  t h e  l o a d  i s  
i n c r e a s e d  i n  t h e  f u l l y  p l a s t i c  r a n g e ,  and  t h e  i n c r e a s e  i n  t h e  
h a l f  w id t h  up to  a  maximum a t  t h e  c r i t i c a l  l o a d  f o r  f u l l  
p l a s t i c i t y .  The o n l y  a n a l y t i c a l  work t h a t  h a s  been  done on 
f lo w  p a t t e r n  s n a p e s  i s  t h a t  o f  B i s h o p ,  H i l l  and  M o t t  ( I9 4 5 )  
and  D ug d a le  ( 19 5 3 ) ,  a l r e a d y  r e f e r r e d  t o  i n  C h a p te r  3 .  T h i s  
work was c o n c e rn e d  w i t h  wedge i n d e n t a t i o n s ;  and  t h e  c o n n e c t i o n  
be tw een  wedge an d  b a l l  i n d e n t a t i o n s  i s  n o t  s u f f i c i e n t l y  c l o s e  
to  w a r r a n t  any  d e f i n i t e  c o m p a r iso n s  to  be d raw n .
For an  i d e a l  r i g i d - p l a s t i c  m e t a l  u n d e r  f r i c t i o n l e s s
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w ed g e  i n d e n t a t i o n ,  t h e  h a l f  w id t h  i s  0*5 f o r  a f l a t  pu nch ,  
and  t h i s  i n c r e a s e s  a s  t h e  a n g l e  o f  t h e  w edge  i s  d e c r e a s e d .
I f  t h e  m e t a l  h a s  e v e n  a  s m a l l  w o r k -h a r d e n in g  c a p a c i t y  t h e  
r e s u l t s  a r e  c o n s i d e r a b l y  d i f f e r e n t  from  t h i s .  D u g d a l e ' s  
r e s u l t s  c o n c e rn  w edge i n d e n t a t i o n s  i n  r e a l  m e t a l s  and  show t i ia t  
t h e  h a l f  w id t h  d e c r e a s e s  and th e n  i n c r e a s e s  a g a in  a s  t h e  a n g l e  
o f  t h e  w edge i s  d e c r e a s e d .  T h e s e  r e s u l t s  may be a p p l i e d  t o  
t h e  p r e s e n t  work i n  th e  manner i n d i c a t e d  b e l o w .  A s h a l lo w  
b a l l  i n d e n t a t i o n  may be com pared  w i t h  a v e r y  l a r g e  a n g l e  
c o n i c a l  i n d e n t a t i o n ,  w h ic h  w i l l  have  some s i m i l a r i t y  w i t h  a  
l a r g e  a n g l e  wedge i n d e n t a t i o n .  As t h e  d e p tn  o f  t h e  b a l l  
i n d e n t a t i o n  i n c r e a s e s  t h e  a n g l e  o f  t h e  e q u i v a l e n t  co n e  
d e c r e a s e s .  I t  i s  p o s s i b l e  t h a t  f o r  a b a l l  i n d e n t e r  t h e  h a l f  
w id t n  d e c r e a s e s  w i t h  i n c r e a s e  o f  l o a d  f o r  th e  same r e a s o n  tiriat 
i t  d e c r e a s e s  f o r  s m a l l e r  a n g l e  w edge i n d e n t a t i o n s . The 
e q u i v a l e n t  w edge a n g l e ,  h o w e v e r ,  o n l y  r e a c h e s  a s u f f i c i e n t l y  
s m a l l  a n g l e  f o r  t h e  s u b s e q u e n t  i n c r e a s e  i n  h a l f  w id t h  to  be 
o b s e r v e d  f o r  specimen 8, whose g r a p h  i s  g i v e n  i n  f i g . 3 6 .
D a v i e s  ( I949 )  show ed  e x p e r i m e n t a l l y  t h a t  p l a s t i c  f l o w  
w as i n i t i a t e d  a t  a  p o i n t  b e n e a tn  t h e  c e n t r e  o f  t h e  i n d e n t a t i o n .  
As t h e  l o a d  i s  i n c r e a s e d  t h e  v o lu m e  o f  m a t e r i a l  u n d e r g o in g  
p l a s t i c  d e f o r m a t io n  i s  a ssu m ed  t o  i n c r e a s e  u n t i l  a  s t a t e  i s  
r e a c h e d  when t h e  p l a s t i c  r e g i o n  h a s  become l a r g e  en ou g h  f o r
I
f u l l y  p l a s t i c  d e f o r m a t io n  t o  o c c u r .  The s i z e  o f  t h e  p l a s t i c  
r e g i o n  i s  o n l y  known q u a l i t a t i v e l y  f o r  any  g i v e n  v a l u e  o f  l o a d ,
88.
a n d  t h e  o n l y  p ro b lem s  to  w h ich  even a p p r o x im a te  s o l u t i o n s  
can  be g iv e n  t h e o r e t i c a l l y ,  a r e  t h o s e  c o n c e r n i n g  th e  o n s e t  o f  
p l a s t i c i t y ,  and t h e  f u l l y  p l a s t i c  s t a t e .  I t  i s  t h e r e f o r e  
o f  some i n t e r e s t  t h a t  t h e  shape  o f  t h e  i n d e n t a t i o n  and  f lo w  
p a t t e r n  g iv e  some i n d i c a t i o n  o f  t h e  e x t e n t  o f  t h e  p l a s t i c  
r e g i o n  d u r i n g  t h e  i n t e r m e d i a t e  p r o c e s s .
From t h e  m easu rem en ts  r e p o r t e d  t h e  f o l l o w i n g  p r o c e s s  
seems t o  o c c u r  i n  t h e  i n i t i a l  s t a g e s  o f  p e n e t r a t i o n .  P l a s t i c  
f lo w  commences b e n e a t h  t h e  c e n t r e  o f  t h e  i n d e n t e r .  When th e  
p l a s t i c  r e g i o n  h a s  s p r e a d  a  l i t t l e ,  p e n e t r a t i o n  o c c u r s .  T h ere  
i s  no f l o w  p a t t e r n  a s s o c i a t e d  w i t h  t h e  s m a l l e s t  i n d e n t a t i o n ,  
t h e  whole  o f  i t s  volume b e i n g  s t o r e d  i n  t h e  b u lk  o f  t h e  m e t a l .  
For  l a r g e r  l o a d s  t h e  f lo w  p a t t e r n  b e g i n s  to  a p p e a r ,  f i r s t  
v e r y  c l o s e  t o  t h e  i n d e n t a t i o n  b u t  s p r e a d i n g  u n t i l  when f u l l  
p l a s t i c i t y  i s  r e a c h e d  i t  o c c u p i e s  a  d i a m e t e r  a b o u t  tw ic e  t h a t  
o f  t h e  i n d e n t a t i o n .  ( T n i s  v a r i e s  w i t h  i t s  w o r k - h a r d e n i n g  
c a p a c i t y . )  Thus f u l l  p l a s t i c i t y  r e f e r s  t o  a  s t a t e  when t h e  
p l a s t i c  r e g i o n  i s  c o n s i d e r a b l y  b i g g e r  i n  a r e a  th a n  t h e  
i n d e n t a t i o n .
Some o f  t h e  o t h e r  r e s u l t s  i n  t h e  p r e s e n t  work have  a  
b e a r i n g  on t h e  f u l l y  p l a s t i c  s t a t e  and  w i l l  be  commented on 
u n d e r  t h e  r e l e v a n t  h e a d i n g .  A summary o f  a l l  t h e  i n f o r m a t i o n  
a b o u t  t h e  v a r i o u s  p r o c e s s e s  i n v o l v e d  i n  h a r d n e s s  t e s t i n g  w i l l  
be g i v e n  i n  th e  f i n a l  c h a p t e r .
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CHAPTER 8_^
YüLJiviE ÜP ELÜW PàTTERIvI.
I n  s e c t i o n  J .2 a b r i e f  r e v ie w  was g iv e n  o f  t h e  m e a s u re ­
m e n ts  o f  f low  p a t t e r n  volume made by Y a k u to v ic i i ,  Vandyshev 
and  S u r i k o v a  ( 1 9 4 8 ) and T o la n s k y  and  N i o k o l s  ( 1 9 5 2 ) . I n
f . i
view  o f  t h e  l a r g e  d i s c r e p a n o y  i n  t h e i r  r e s u l t s  a  s y s t e m a t i c  
s t u d y  o f  t h e  r a t i o  o f  t h e  volume o f  t h e  f l o w  p a t t e r n  to  t h a t  
o f  t h e  i n d e n t a t i o n  was u n d e r t a k e n  f o r  a s e r i e s  o f  s t e e l  
sp e c im e n s  and  i s  r e p o r t e d  i n  t h i s  c h a p t e r . The p o s s i b l e  
e x p l a n a t i o n s  o f  t h e  d i s c r e p a n c i e s  i n  t h e s e  vo lum es a r e  a l s o  
d i s c u s s e d .
8 .1 METHOD OF MEASlJREkENT .
The m ethod  o f  m easurem en t  o f  f lo w  p a t t e r n s  i s  g iv e n  i n  
C h a p te r  5 .  I n  o r d e r  t o  c a l c u l a t e  t h e  volume o f  a  f lo w  
p a t t e r n  i t  m ust  be c i r c u l a r l y  s y m m e t r i c a l . T h i s  n e c e s s i t a t e s  
t h e  u s e  o f  c i r c u l a r l y  sym i i ie t r ica l  i n d e n t e r s  and  i n  t h e  p r e s e n t  
work th e  diamond cone and  b a l l  r e f e r r e d  t o  i n  s e c t i o n  4 .1  
w ere  u s e d .  D i a m e t r a l  s e c t i o n s  o f  t h e  f low  p a t t e r n s  w ere  
t a k e n  i n  two d i r e c t i o n s  a t  r i g h t  a n g l e s  and  t h e  a v e r a g e  shape 
was f o u n d .  The vo lum es o f  t h e  f l o w ,p a t t e r n s  were c a l c u l a t e d  
on t h e  b a s i s  o f  t h e  f o l l o w i n g  s im p le  m a th e m a t i c a l  t r e a t m e n t .  
The volume swept o u t  by  r o t a t i n g  an e lem e n t  o f  w i d t h  r  and  
h e i g h t  y r ,  a s  shown i n  f i g .  39, a b o u t  OY i s  2 T r x j . y ^ ,  where 
x^ i s  t h e  d i s t a n c e  o f  t h e  c e n t r e  o f  t h e  e l e m e n t  f ro m  OY.
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The t o t a l  volume swept o u t  by a l l  suoh e l e m e n t s  i s  2Trr^x^y^.
E ach  f lo w  p a t t e r n  was s p l i t  up i n t o  ab o u t  f i f t e e n  e l e m e n t s
an d  t h e  volume was c a l c u l a t e d  f rom  t h e  above f o r m u l a .  The
D rv a l u e  o f  was made e q u a l  to  ~ ~ v^here D i s  t h e  d i a m e t e r
o f  t h e  i n d e n t a t i o n ,  i n  o r d e r  t h a t  t h e  whole o f  t h e  f lo w  
p a t t e r n  m ig h t  be c o v e r e d .
I n  g e n e r a l  t h e  s i d e s  o f  t h e  i n d e n t a t i o n  were  to o  s t e e p  
to  be m e asu red  by m u l t i p l e  beam i n t e r f e r o m e t r y . F o r  t h i s
r e a s o n  t h e y  were  m e a su re d  w i t h  a  m e c h a n ic a l  p r o f i l e  i n s t r u m e n t  
c a l l e d  a  f a l y s u r f . A v e r y  l i g h t l y  l o a d e d  s p h e r i c a l  diamond 
s t y l u s  o f  r a d i u s  one m ic ro n  i s  moved a c r o s s  t h e  s u r f a c e  to  be 
m e a s u re d  and  i t s  movements a r e  a m p l i f i e d  e l e c t r i c a l l y  and 
p l o t t e d  on c u r v i l i n e a r  g r a p h  p a p e r .  For  b a l l  i n d e n t a t i o n s  
t h e  vo lum es  were c a l c u l a t e d  f rom  m easu rem en ts  o f  t h e i r  
d i a m e t e r s  and  d e p t h s .  The vo lum es  o f  t h e  c o n i c a l  i n d e n t a t i o n s  
w ere  c a l c u l a t e d  by a  m ethod  s i m i l a r  to  t h a t  u s e d  f o r  t h e  
c a l c u l a t i o n  o f  f lo w  p a t t e r n  v o lu m e s .
8 .2 RESULTS .
The r e s u l t s  o f  t h e  m easu rem en ts  a r e  l i s t e d  i n  T a b l e  8 ,  
t o g e t h e r  w i t h  t h e  sp e c im e n s  and  l o a d s  em ployed .  The s p e c i f i c  
volume i s  d e f i n e d  a s  t h e  volume o f  t h e  f l o w  p a t t e r n  e x p r e s s e d  
a s  a p e r c e n t a g e  o f  t h e  volume o f  t h e  i n d e n t a t i o n .  T h u s ,  i f  
t h e  vo lum es  o f  t h e  f l o w  p a t t e r n  and  i n d e n t a t i o n  a r e  e q u a l  t h e  
s p e c i f i c  volume i s  1 0 0 . E x p e r i m e n t a l l y  t h e  v a l u e s  o f  s p e c i f i c  
volume a r e  c o n s i d e r a b l y  oelow 100, t h e  a v e r a g e  v a l u e  b e i n g  4 7 .
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TABLE 8 ,
Specim en
Number
I n d e n t e r
. . . . . . . . . . . . . . . . . . . . . . . . . " " I
Load 
k g .  1
1
Volume o f  
I n d e n t a t i o n  
xlO I c c .
S p e c i f i c
Volume
Symbol
7 Gone 10 4 .6 3 60 0
5 .0 1 .0 4 78
8 B a l l 1 .0 0 .5 5 45 A
9 B a l l 20 1 1 .5 48 □
10 3 .1 5 40
5 .0 0 .9 6 46
3 .0 0 .4 0 4 43
10 B a l l 30 1 2 .7 5 61 0
15 3 .5 2 54
11 B a l l 10 9 . 2 6 72 X
13 B a l l 30 3 .1 0 64 #
10 0 .3 2 7 33
14 B a l l 30 2 .4 7 34 m
10 0 .2 9 7 26
15 B a l l 30 2 .9 5 29 A
10 0 .4 3 2 24
, 16 B a l l 30 3 .3 3 30 ▼
10 •383 51
17 Gone 30 2 .7 0 48
B a l l 120 9.97 63 V
80 3 . 1 4 43
40 0 .9 6 2 44
F ig .  4 1 . X  2 7 0
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The sp e c im en s  num bered  13, 1 4 , 15 and  16 ,  h ad  been  
q u en c h ed  and  t e m p e re d  a t  s u c c e s s i v e l y  h i g h e r  t e m p e r a t u r e s .  
D e t a i l s  o f  t h e  h e a t  t r e a t m e n t  a r e  g iv e n  i n  T a b l e  1 . The 
g rap h ,  o f  s p e c i f i c  volume a g a i n s t  t e m p e r in g  t e m p e r a t u r e  f o r  
t h e s e  sp ec im en s  i s  shown i n  f i g . 4 0 . For  t h r e e  o f  t h e  
sp e c im e n s  th e  s p e c i f i c  volume i s  g r e a t e r  f o r  t h e  30 ^g* 
i n d e n t a t i o n  th a n  f o r  t h e  10 k g . ; how ever ,  f o r  b o t h  l o a d s  t h e  
s p e c i f i c  vo lum es  d e c r e a s e  and  th e n  i n c r e a s e  w i t h  i n c r e a s e  i n  
t e m p e r i n g  t e m p e r a t u r e .
The e q u a l  c h r o m a t i c  o r d e r  f r i n g e s  o v e r  a  s h a l l o w  b a l l  
i n d e n t a t i o n  i n  s t a i n l e s s  s t e e l  a r e  shown i n  f i g .  4 1 . The 
f r i n g e s  r e v e a l  t h a t  t h e r e  i s  no f lo w  p a t t e r n  a s s o c i a t e d  w i t h  
t h i s  i n d e n t a t i o n ,  hence  i t s  s p e c i f i c  volume w i l l  be z e r o .
T h i s  i n d e n t a t i o n  i l l u s t r a t e s  t h e  s t a t e  o f  a f f a i r s  r e f e r r e d  t o  
i n  s e c t i o n  7*3 when t h e  p l a s t i c  r e g i o n  i s  l a r g e  enough to  
p e r m i t  p e n e t r a t i o n  b u t  n o t  l a r g e  enough f o r  a  f lo w  p a t t e r n  to  
be  f o rm e d .
I t  was s u g g e s t e d  i n  s e c t i o n  3 . 2  t h a t  t h e  volume 
d i s c r e p a n c y  m ig h t  be d e p e n d e n t  on t h e  v o l u m e 'o f  t h e  i n d e n t a t i o n .  
I n  o r d e r  t o  e x p l o r e  t h i s  p o s s i b i l i t y  th e  s p e c i f i c  vo lum es  o f  
t h e  i n d e n t a t i o n s  l i s t e d  i n  T a b le  8 were  p l o t t e d  a g a i n s t  t h e  
volume o f  t h e  i n d e n t a t i o n s  on a  l o g a r i t h m i c  s c a l e .  The 
g r a p h  i s  shown i n  f i g .  4 2 , on w h ic h  a r e  a l s o  p l o t t e d  
Y a k u to v i c h ,  Yandyshev  a n d  S u r ik o v a * s  v a l u e  o f  s p e c i f i c  volume 
o f  100 r e p r e s e n t e d  by A , and t h e  v a l u e  f o r  t h e  i n d e n t a t i o n  
shown i n  f i g .  4 1 , r e p r e s e n t e d  by V .  S u p e r im p o se d  on t h e
93.
g r a p h  a r e  v a l u e s  o f  t h e  a v e r a g e  s p e c i f i o  volume f o r  t h e  
v a r i o u s  r a n g e s  o f  i n d e n t a t i o n  v o lu m e .  T h ese  a v e ra g e  v a l u e s  
c l e a r l y  r e v e a l  t h e  t e n d e n c y  o f  t h e  s p e c i f i c  volume to  i n c r e a s e  
w i t h  t h e  i n d e n t a t i o n  v o lu m e .  A c u rv e  i s  a l s o  drawn th r o u g h  
t h e  p o i n t s  i n  f i g .  42 wiiich i n d i c a t e s  t h a t  f o r  l a r g e  
i n d e n t a t i o n s  v a l u e s  o f  s p e c i f i c  volume o f  t h e  o r d e r  o f  100 
may be e x p e c t e d ,  w ti i le  f o r  v e r y  s m a l l  i n d e n t a t i o n s  t h e  
s p e c i f i c  volume w i l l  a p p r o a c h  z e r o .
The a c c u r a c y  v / l t h  w n ich  a l l  t h e  f low  p a t t e r n  volumes^ 
c o u l d  be m easu red  was e s t i m a t e d  a t  IQb . The i n d e n t a t i o n s  
c o u l d  be m easu red  more a c c u r a t e l y  th a n  t h i s ,  and  so t h e  
v a l u e s  o f  s p e c i f i o  volume can be g u a r a n t e e d  to  w i t h i n  - 3 .
Thus t h e  v a r i a t i o n  o f  s p e c i f i c  volume m ust  be c l a s s e d  a s  a  
r e a l  e f f e c t . The s p r e a d  o f  t h e  p o i n t s  i n  f i g . 42 i s  q u i t e  
w id e ,  owing to  t h e  v a r i e t y  o f  p r o p e r t i e s  o f  t h e  s t e e l s  u s e d ,  
b u t  t h e  t r e n d  i s  s i g n i f i c a n t  an d  m ust  be a c c o u n t e d  f o r  by 
any  p r o p o s e d  e x p l a n a t i o n  o f  t h e  volume d i s c r e p a n c i e s .
8 . 3  DISCUSSION.
The d i s c r e p a n c y  b e tw e en  t h e  vo lum es o f  t h e  f lo w  p a t t e r n  
a n d  i n d e n t a t i o n  i s  u n e x p e c t e d .  However, t h e  d i s c r e p a n c y  
h a s  been shown e x p e r i m e n t a l l y  t o  e x i s t ,  and  an e x p l a n a t i o n  
m ust  be s o u g h t .
T h e re  i s  t h e  p o s s i b i l i t y  t h a t  a  s l i g h t  d i s t o r t i o n  o f  
t h e  specim en m ig h t  o c c u r  t h u s  e n s u r i n g  t h a t  i t s  volume 
r e m a in e d  c o n s t a n t .  The d i s t o r t i o n  m ig h t  t a k e  t h e  fo rm  o f
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a v e r y  s l i g h t  u n i f o rm  e x p a n s io n  o f  t h e  sp e c im e n ,  o r  a  b u lg e  
on i t s  u n d e r s i d e  o r  edge whose volume was e q u a l  t o  t h a t  o f  
t h e  m i s s i n g  s e c t i o n .  B o th  t h e s e  p o s s i b i l i t i e s  a r e  
t h e o r e t i c a l l y  v e r y  u n l i k e l y .  The work o f  H i l l ,  a l r e a d y  
r e f e r r e d  to  i n  s e c t i o n  3 . 5 ,  showed t h a t  no d e f o r m a t i o n  o f  t h e  
spec im en  o c c u r r e d  u n l e s s  i t s  s i z e  was c o m p ara b le  w i t h  t h a t  o f  
t h e  i n d e n t a t i o n .  T h i s  c o n c l u s i o n  h a s  been  shown t o  be v a l i d  
f o r  a  p r a c t i c a l  h a r d n e s s  t e s t  by t h e  p r e s e n t  a u t h o r , t h e  
r e s u l t s  b e in g  r e p o r t e d  i n  C h a p te r  1 1 . As t h e  i n d e n t a t i o n s  
u s e d  i n  t h e  p r e s e n t  work w ere  v e r y  much s m a l l e r  t h a n  t h e  
s p e c im e n s ,  a  l a r g e  s c a l e  d i s t o r t i o n  o f  t h e  spec im en  c a n n o t  
have  o c c u r r e d .  The a p p e a r a n c e  o f  a  l o c a l i s e d  d i s t o r t i o n  a t  
some d i s t a n c e  f ro m  t h e  i n d e n t a t i o n  i s  e x t r e m e l y  u n l i k e l y  f o r  
a  p o l y c r y s t a l l i n e  sp ec im en ,  and  even  i f  su c h  a  d i s t o r t i o n  w ere  
p r e s e n t  i t  w ould  have b e e n  d e t e c t e d .  F u r th e r m o r e  i f  
d i s t o r t i o n  o f  t h e  spec im en  w ere  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  
volume d i s c r e p a n c i e s ,  t h e  s p e c i f i c  volume w ould  be e x p e c t e d  
t o  d e c r e a s e  w i t h  i n c r e a s i n g  i n d e n t a t i o n  s i z e ,  w h ich  i s  
c o n t r a r y  t o  t h e  v a r i a t i o n  f o u n d  e x p e r i m e n t a l l y .
I f  t h e  volume o f  t h e  spec im en  d o es  n o t  s t a y  c o n s t a n t  i t s  
a v e r a g e  d e n s i t y  must i n c r e a s e .  As t h e  a c c u r a t e  m easurem ent  
o f  a  d e n s i t y  change o f  t h e  o r d e r  o f  1 i n  10^ i s  e x t r e m e l y  
d i f f i c u l t ,  no d i r e c t  m easurem ent  o f  t h e  d e n s i t y  change  o f  an 
i n d e n t e d  specim en was a t t e m p t e d .  Any i n c r e a s e  i n  d e n s i t y  
o f  t h e  specim en m ust  be l o c a l i s e d  i n  t h e  r e g i o n  a f f e c t e d  by
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t h e  i n d e n t a t i o n ,  and  may be co n f in ed ,  to  t h e  p l a s t i c a l l y  
d e fo rm ed  m e t a l  a d j a c e n t  t o  t h e  i n d e n t e r  . The d e n s i t y  cr ianges 
i n  p l a s b i c a l l y  defo rm ed  m e t a l s  w ere  m e asu re d  by Bridgman (1949) 
who f o u n d  t h a t  t h e y  were o f  t h e  o r d e r  o f  one p a r t  i n  10^ o r  
10^  and  v a r i e d  i n  s ig n  w i t h  t h e  m e t a l .  I n  o r d e r  t o  a c c o u n t  
f o r  t h e  o b s e r v e d  volume d i s c r e p a n c i e s  on t n i s  b a s i s  t h e  volume 
o f  m e ta l  u n d e rg o in g  c o n s i d e r a b l e  p l a s t i c  s t r a i n  must  be some 
1q 5 t i m e s  t h a t  o f  t h e  i n d e n t a t i o n ,  even i f  t h e  d e n s i t y  change  
i s  o f  t h e  c o r r e c t  s i g n .  A c c o rd in g  to  Heyer ( 19 3 7) t h e  
volume u n d e r g o in g  m e a s u r a b le  p l a s t i c  s t r a i n  i s  some 40 t im e s  
t h e  volume o f  t h e  i n d e n t a t i o n ,  so an i n c r e a s e  i n  t h e  d e n s i t y  
o f  t h e  p l a s t i c a l l y  d i s t o r t e d  m e t a l  c a n n o t  a c c o u n t  f o r  t h e  
o b s e r v e d  volume d i s c r e p a n c i e s .
T h e re  i s  a  p o s s i b i l i t y  o f  t h e  m e t a l  w h ich  was co m p ressed  
e l a s t i c a l l y  d u r i n g  th e  i n d e n t a t i o n  p r o c e s s ,  r e m a i n i n g  u n d e r  
s t r e s s  when t h e  i n d e n t i n g  l o a d  i s  rem oved .  The r e t a i n e d  
s t r e s s e s  would  n e e d  to  be c o m p re s s iv e  i n  n a t u r e  to  a c c o u n t  
f o r  t h e  volume d i s c r e p a n c i e s ,  and  w ould  be  c o n s i d e r a b l y  
s m a l l e r  t h a n  t h o s e  i n  o p e r a t i o n  d u r i n g  t h e  f o r m a t i o n  o f  t h e  
i n d e n t a t i o n .  N ad a i  (1931)  who h a s  made a  s t u d y  o f  a l l  
a s p e c t s  o f  p l a s t i c  d e f o r m a t i o n  s t a t e d : -
" I f  a  h a r d e n e d  s t e e l  b a l l  i s  p r e s s e d  i n t o  a  p i e c e  o f  s o f t  
i r o n  o r  d u c t i l e  m e t a l ,  t h e  m a t e r i a l  i n  t h e  n e ig h b o u rh o o d  o f  
t h e  p e rm an en t  i n d e n t a t i o n ,  a f t e r  r em o v a l  o f  t h e  l o a d  c a n n o t  
r e m a in  u n s t r e s s e d .  I n  t h e  r e g i o n  wiiich h a s  been  p e r m a n e n t ly  
de fo rm ed  by t h e  b a l l ,  b e s i d e s  t h e  norm al  s t r e s s e s ,  a c t i n g
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p a r a l l e l  t o  t h e  l o a d ,  o o n s i d e r a o l e  o o m p re s s iv e  s t r e s s e s  a l s o  
m u s t  have  a c t e d  i n  t h e  l a t e r a l  d i r e c t i o n .  The l a t t e r  w i l l  
c a u s e  s t r e s s e s  i n  t h e  e l a s t i c  n e ig h b o u rh o o d  o f  t h e  i n d e n t a t i o n  
an d  a  p a r t  o f  t h e s e  w i l l  c o n t i n u e  to  e x i s t  a f t e r  t h e  
c o m p re s s iv e  l o a d  h a s  c e a s e d  t o  a c t .  The p l a s t i c a l l y  
d i s t o r t e d  p a r t  b e h a v e s ,  u nder  t h e  c o m p re s s io n  o f  t h e  b a l l ,  
l i k e  a  h a r d  wedge d r i v e n  i n t o  a t r e e  t r u n k . "
The p r e s e n c e  o f  s t r e s s e s  o f  t i i i s  t y p e  i n  co ld -w o rk e d  
r o d s  and  b a r s ,  o f  w h ich  o n l y  p a r t s  nave b een  p l a s t i c a l l y  
de fo rm ed ,  can  be d e m o n s t r a t e d  e x p e r i m e n t a l l y .  Assuming t h a t  
t h e  volume o f  a c t i o n  o f  t h e s e  s t r e s s e s  i s  10 ^ t im e s  t h a t  o f  
t h e  i n d e n t a t i o n ,  and t h a t  t h e  s p e c i f i c  volume i s  50 ,  t h e  
a v e r a g e  c o m p re s s iv e  h y d r o s t a t i c  s t r e s s ,  w h ich  a c c o u n t s  f o r  
t h e  volume d i s c r e p a n c y ,  i s  8 kg./sq^.mm. f o r  i r o n .  T h i s  
s t r e s s  i s  some 50 t i m e s  s m a l l e r  t h a n  t h e  s t r e s s  a c t i n g  o v e r  
t h e  c o n t a c t  s u r f a c e  d u r i n g  d e f o r m a t i o n ,  and  r e s i d u a l  s t r e s s e s  
l a r g e r  t h a n  t h i s  have been  m e a su re d  i n  c o l d  worked b a r s  by 
Hehn (1 9 I8 )  and  S i n e s  and  C a rso n  ( I9 5 2 )  . Thus i t  i s  
p o s s i b l e  to  a c c o u n t  q u a n t i t a t i v e l y  f o r  t h e  volume d i s c r e p a n c i e s  
on t h e  b a s i s  o f  t h e s e  r e s i d u a l  s t r e s s e s .
I t  can be shown Doth p r a c t i c a l l y  and  t h e o r e t i c a l l y  t h a t  
t h e  whole  o f  t h e  s u r f a c e  a ro u n d  a  b a l l  i n d e n t a t i o n  i s  
d i s p l a c e d  e l a s t i c a l l y  below t n e  i n i t i a l  s u r f a c e  l e v e l  w h i l e  
t h e  l o a d  i s  a p p l i e d .  When t h e  l o a d  i s  rem oved  t h e  s u r f a c e  
r e c o v e r s  i t s  i n i t i a l  shape  and  t h e  r i d g i n g  o r  s i n k i n g  becomes 
a p p a r e n t .  I n  v iew  o f  t h i s  v e r y  l a r g e  e l a s t i c  c o m p re s s io n
r- '
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o c c u r r i n g  d u r i n g  l o a d i n g  t h e  s m a l l  c o m p re s s io n  r e q u i r e d  to  
a c c o u n t  f o r  t h e  volume d i s c r e p a n c y  can be more e a s i l y  
c o n c e i v e d .
B ecause  o f  t h e  d i f f i c u l t y  o f  o b t a i n i n g  any  d i r e c t  
i n f o r m a t i o n  a b o u t  t h e  p r o p o s e d  r e s i d u a l  s t r e s s e s ,  t h e  
i n d e n t a t i o n  p r o c e s s  was s t u d i e d  p h o t o e l a s t i c a l l y .
I n d e n t a t i o n s  were  made i n  a  r o d  o f  C a t a l i n  t h i c k  and  1" 
d ee p ,  w i t h  c y l i n d r i c a l  and wedge sh ap ed  i n d e n t e r s . The r o d s  
w ere  v iew e d  p a r a l l e l  t o  t h e  i n d e n t e r  a x i s  and  p e r p e n d i c u l a r  
t o  t h e  l e n g t h  o f  th e  r o d ,  w i t h  c i r c u l a r l y  p o l a r i s e d  mono­
c h r o m a t i c  l i g h t .  The f r i n g e s  p ro d u c e d  i n  t h i s  way a r e  
c a l l e d  i s o c h r o m a t i c s  a n d  t h e y  f o l l o w  t h e  l i n e s  o f  c o n s t a n t  
s h e a r  s t r e s s  i n  t h e  m a t e r i a l .  The f r i n g e s  were p h o t o g r a p h e d  
b e f o r e ,  d u r i n g ,  and  a f t e r  l o a d i n g .  The r o d  was e f f e c t i v e l y  
s t r e s s  f r e e  b e f o r e  l o a d i n g  a n d  f i g s .  43 and  44 show t h e  i s o -  
c i i r o m a t i c s  d u r i n g  f u l l  l o a d  and  a f t e r  u n l o a d i n g ,  f o r  a  
c y l i n d r i c a l  i n d e n t e r .  S i m i l a r  r e s u l t s  were  g iv e n  f o r  a  90°
I
wedge i n d e n t e r .  The r e s i d u a l  s t r e s s e s  a r e  c l e a r l y  shown i n  
f i g .  44 and  t h e i r  d i s t r i b u t i o n  i s  s i m i l a r  i n  fo rm  to  t h a t  
f o r  f u l l  l o a d .  The d i f f e r e n c e  b e tw een  a c y l i n d r i c a l  
i n d e n t a t i o n  i n  C a t a l i n  and  a  h a r d n e s s  i n d e n t a t i o n  i n  a  m e ta l  
i s  a p p a r e n t .  They a r e  s u f f i c i e n t l y  a l i k e ,  how ever ,  to  
i n d i c a t e  t h a t  i f  r e s i d u a l  s t r e s s e s  a r e  p r e s e n t  b e n e a t h  an 
i n d e n t a t i o n  i n  C a t a l i n  t h e y  may be e x p e c t e d  t o  be p r e s e n t  
a l s o  i n  m e t a l s .
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S t r e s s e s  r e m a in in g  a f t e r  o o Id -w o rk in g  or  q u e n c h in g  can  
be  r e l e a s e d  by s u i t a b l e  h e a t  t r e a t m e n t .  For  s t e e l s  t h e  
t r e a t m e n t  r e q u i r e d  i s  a  low t e m p e r a t u r e  t e m p e r i n g .
I n d e n t a t i o n s  were  made i n  a  spec im en  o f  n i c k e l  s t e e l  (number 
8 i n  T a b l e  l )  w h ich ,  s u b s e q u e n t  to  m easurem ent  o f  t h e  
i m p r e s s i o n s ,  was vacuum te m p e re d  a t  $00^0 f o r  30 m in u t e s  and  
JOO^ G f o r  30 m i n u t e s .  No change  i n  t h e  shape  e i t h e r  o f  t h e  
i n d e n t a t i o n s  o r  t h e  f l o w  p a t t e r n s  c o u ld  be d e t e c t e d .  Had a 
p o s i t i v e  r e s u l t  been o b t a i n e d  t h e  e x i s t e n c e  o f  t h e  r e t a i n e d  
s t r e s s e s  w ould  have  been  d e m o n s t r a t e d ;  t h e  n e g a t i v e  r e s u l t  
however does  n o t  d i s p r o v e  t h e i r  e x i s t e n c e .  On t e m p e r in g ,  
t h e  s m a l l  c o m p re ssed  volume c o u l d  e a s i l y  be a o s o r b e d  i n t o  
t h e  sp ec im en ,  on r e l e a s e  o f  t h e  s t r e s s e s ,  w i t h o u t  a  
s i g n i f i c a n t  change o f  i t s  s h a p e .
The f i n a l  p rob lem  a s s o c i a t e d  w i th  t h e  p ro p o s e d  
e x p l a n a t i o n  o f  t h e  volume d i s c r e p a n c i e s  i s  t h e  m ethod  o f  
a c c o u n t i n g  f o r  t h e  v a r i a t i o n  o f  t h e  s p e c i f i c  volume w i t h  
volume o f  i n d e n t a t i o n  and  m e t a l .  As t h e  m a j o r i t y  o f  t h e  
i n d e n t a t i o n s  l i s t e d  i n  T a b le  8 w ere  made w i t h  t h e  diamond 
b a l l  i n d e n t e r ,  a  t e n t a t i v e  e x p l a n a t i o n  w i l l  be  g iv e n  f o r  
b a l l  i n d e n t a t i o n s .
A l th o u g h  t h e  s p e c i f i c  volume i n c r e a s e s  c o n t i n u o u s l y  w i t h  
t h e  i n d e n t a t i o n  vo lum e,  t h e  a c t u a l  v a l u e  o f  t h e  volume d i s ­
c r e p a n c y  i n c r e a s e s  a l s o .  Thus t h e  volume o f  m e ta l  co m p re ssed  
by  t h e  r e s i d u a l  s t r e s s e s  i n c r e a s e s  w i t h  t h e  i n d e n t a t i o n  
vo lum e;  a s ,  how ever ,  i t  i s  n o t  p r o p o r t i o n a l  to  t h e  i n d e n t a t i o n
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volum e t h e  v a l u e  o f  t h e  s p e c i f i c  volume i n c r e a s e s . A
d ia g ra m m a t ic  r e p r e s e n t a t i o n  o f  t h e  v a r i a t i o n  o f  t h e  f lo w
p a t t e r n  volume w i t h  t h e  volume o f  t h e  i n d e n t a t i o n  i s  sm w n
i n  f i g .  4 5 .  The s p e c i f i c  volume a t  any  l o a d  i s  g i v e n  by
—  X 100 and a l t h o u g h  t h e  d i s c r e p a n c y  be tw een  t h e  f lo w  p a t t e r n  
AG
and  i n d e n t a t i o n  vo lum es  i n c r e a s e s ,  t h e  s p e c i f i c  volume a l s o  
i n c r e a s e s .
The i n i t i a l  d e f o r m a t i o n  shown i n  f i g .  41 f o r  w h ich  th e  
s p e c i f i c  volume i s  z e ro  h a s  a l r e a d y  been d e a l t  w i t h  i n  
C h a p te r  7 .  As t h e  l o a d  i s  i n c r e a s e d  and  t h e  f lo w  p a t t e r n  
b e g i n s  to  a p p e a r  t h e  s p e c i f i c  volume w i l l  i n c r e a s e . A f t e r  
f a l l  p l a s t i c i t y  h a s  been r e a c h e d  t h e  s p e c i f i c  volume i s  
d e t e r m i n e d  by  t h e  d i s t r i b u t i o n  o f  t h e  s t r e s s e s  a ro u n d  t h e  
i n d e n t a t i o n .  As t h e  l o a d  i s  f u r t h e r  i n c r e a s e d  th e  mean 
p r e s s u r e  o v e r  t h e  i n d e n t a t i o n  i n c r e a s e s .  The v a l u e  o f  t h e  
r e t a i n e d  s t r e s s e s ,  how ever ,  c a n n o t  ex ceed  a  c e r t a i n  v a l u e  
r e l a t e d  to  t h e  y i e l d  s t r e s s  o f  t h e  m e t a l .  Thus  a l t h o u g h  
t h e  s t r e s s e s  i n v o l v e d  i n  t h e  i n d e n t a t i o n  p r o c e s s  i n c r e a s e  t h e  
r e s i d u a l  s t r e s s e s  do n o t ;  and  c a n n o t  t h e r e f o r e  a c c o u n t  f o r  
so l a r g e  a  p r o p o r t i o n  o f  t h e  volume o f  t h e  i n d e n t a t i o n .
A p a r t  f rom  t h e  l i m i t a t i o n  o f  s i z e  o f  t h e  r e s i d u a l  s t r e s s e s  
t h e i r  d i s t r i b u t i o n  c h a n g es  c o n s i d e r a b l y  a s  t h e  s i z e  o f  t h e  
i n d e n t a t i o n  i n c r e a s e s ,  and  t h i s  may a c c o u n t  f o r  p a r t  o f  t h e  
o b s e r v e d  v a r i a t i o n  o f  s p e c i f i c  v o lu m e .
Quenched spec im ens  alw ays c o n ta in  r e s i d u a l  s t r e s s e s  and
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a  specim en w h ich  i s  a l r e a d y  s t r e s s e d  i n t e r n a l l y  v / i l l  n o t  he 
a b l e  t o  r e t a i n  so much a d d i t i o n a l  s t r e s s  a s  an o r i g i n a l l y  
s t r e s s  f r e e  sp e c im e n .  T n i s  may a c c o u n t  f o r  t h e  h i g h  v a l u e s  
o f  s p e c i f i c  volume g i v e n  by spec im en  1[).snown i n  f i g .  4 0 .
B o th  t h e  10 and  30 k g .  i n d e n t a t i o n s  have l a r g e r  s p e c i f i c  
vo lum es  th a n  t h o s e  i n  t h e  same s t e e l  w hich  h a d  r e c e i v e d  a  
low t e m p e r a t u r e  t e m p e r in g  p r i o r  to  i n d e n t a t i o n .  The v a l u e  
o f  t h e  r e s i d u a l  s t r e s s e s  m ust  be d e p e n d e n t  on t h e  y i e l d  s t r e s s
\
o f  t h e  m e t a l ,  and  i f  t h i s  i s  s m a l l  t h e  r e s i d u a l  s t r e s s e s  w i l l  
be s m a l l  and  t h e  s p e c i f i c  volume w i l l  be l a r g e .  The s o f t  
n o r m a l i s e d  m i l d  s t e e l  spec im en  11 gave a  h i g h  v a l u e  o f  
s p e c i f i c  volume w h ich  c o u l d  be a c c o u n t e d  f o r  i n  t i i i s  way.
The i n t e r p r e t a t i o n  o f  t h e  volume d i s c r e p a n c i e s  i s  n o t  
s im p le  b u t  a  c e r t a i n  amount o f  c o r r e l a t i o n  b e tw een  t h e o r y  
and  e x p e r im e n t  i s  a p p a r e n t . However, c o n s i d e r a b l y  more 
work w i l l  be r e q u i r e d  b e f o r e  a  co m p le te  e x p l a n a t i o n  o f  t h e  
phenomenon can be g i v e n .
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CHAPTER 9 .
SHALLÜWINO.
The p r e v i o u s  work on th e  s h a l l o w i n g  o f  i n d e n t a t i o n s ,  
r e p o r t e d  i n  s e c t i o n  3 .3  was c o n c e r n e d  w i th  l a r g e  i n d e n t a t i o n s .  
B a l l  i n d e n t a t i o n s  w i t h  d e p t h s  a s  sm a l l  a s  0 .05 m ic ro n s  can be 
m e a s u re d  by m u l t i p l e  beam i n t e r f e r o m e t r y ,  an d  t h e  s h a l l o w i n g  
b e h a v i o u r  o f  t h e s e  i n d e n t a t i o n s  p ro v e s  to  be o f  some i n t e r e s t .  
A few o f  t h e  l a r g e r  i n d e n t a t i o n s  to  be  r e f e r r e d  t o . i n  t h i s  
c h a p t e r  were m e asu red  w i t h  t h e  T a l y s u r f  i n s t r u m e n t  d e s c r i b e d  
b r i e f l y  i n  s e c t i o n  8 . 1 . The m a j o r i t y ,  how ever ,  w ere  m easu red  
by m u l t i p l e  beam i n t e r f e r o m e t r i c  m e th o d s .
H i t h e r t o  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  r e c o v e r e d  
i n d e n t a t i o n  h a s  been u s e d  a s  a m easu re  o f  i t s  s h a l l o w i n g .
I n  v iew  o f  t h e  f a c t  t h a t  r e c o v e r e d  b a l l  i n d e n t a t i o n s  may n o t  
be s p h e r i c a l  some o t h e r  m easu re  i s  n e e d e d .  The d e f i n i t i o n  
o f  s h a l l o w i n g  a d o p t e d  i n  t h e  p r e s e n t  work,  i s  t h e  p r o p o r t i o n  
o f  t h e  d e p t h  o f  t h e  i n d e n t a t i o n  under  l o a d ,  r e c o v e r e d  when th e  
l o a d  i s  rem oved .  Thus
ho — h
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where hg i s  t h e  d e p t h  o f  t h e  i n d e n t a t i o n  under  l o a d  and  h i t s  
d e p t h  a f t e r  e l a s t i c  r e c o v e r y .  The s h a l l o w i n g  c o e f f i c i e n t  
w i l l  be u n i t y  i f  t h e  i n d e n t a t i o n  r e c o v e r s  c o m p l e t e l y ,  and ze ro  
i f  i t  d o es  n o t  r e c o v e r  a t  a l l .
F o r  a  sh a l lo w  b a l l  i n d e n t a t i o n  i t  i s  e a s i l y  shown t h a t
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w here  r ^  i s  t h e  r a d i u s  o f  t h e  i n d e n t e r ,  h  t h e  r e c o v e r e d  d e p t h
»
o f  t h e  i n d e n t a t i o n  and  d i t s  c h o r d a l  d i a m e t e r .  I n  t h e
d e r i v a t i o n  o f  t h i s  f o r m u l a  t h e  i n d e n t e r  i s  assum ed to  be r i g i d
However,  a l l  i n d e n t e r s  do defo rm  e l a s t i c a l l y  d u r i n g  t h e
i n d e n t a t i o n  p r o c e s s  and  a  c o r r e c t i o n  can be a p p l i e d  f o r  t h i s .
The r a d i u s  o f  c u r v a t u r e  o f  t h e  a r e a  o f  c o n t a c t  be tween  t h e
i n d e n t e r  and  m e ta l  i s  g i v e n  by Timoshenko ( 1 9 3 4 ) a s
R = E l  +  Er
r i  r g
w h ere  r ^  and  ^2 a r e  t h e  r a d i i  o f  c u r v a t u r e  o f  t h e  i n d e n t e r  and 
i n d e n t a t i o n  r e s p e c t i v e l y ,  and  E% and  S2 a r e  t h e i r  Young’s, 
m o d u l i .  Thus we may d e f i n e  t h e  t r u e  s h a l l o w i n g  Sq as
8Rh ^2 4  E2
Sc = 1 -  Where R = ^ ^
I t  can  be  shown t h a t  t h e  r e l a t i o n  between  t h e  a p p a r e n t  
s h a l l o w i n g  S an d  t h e  t r u e  s h a l l o w i n g  i s
ES El
So = B ^ r ^ s  ^  ^
V a lu e s  o f  t r u e  and  a p p a r e n t  s h a l l o w i n g  f o r  a  number o f  
s p e c im e n s  an d  i n d e n t e r s  a r e  g iv e n  i n  T a b le  9 ,  f ro m  w h ich  some 
g e n e r a l  c o n c l u s i o n s  may be d ra w n .  F i r s t l y ,  t h e  t r u e  
s h a l l o w i n g  f o r  Aluminium i s  g r e a t e r  t h a n  14^ o f  t h e  d e p t h .
1 0 3 . 
TABLE__
Specimen
Number
D .P .H . I n d e n t e r Load
k g .
S Sq Symbol
' 1 26 t "  s t e e l 1 .0 0 .1 8 6 0 .1 4 6 A
8 260 Diamond. 1 . 0 0 .4 3 6 0 .4 0 6 a
V 3 2 ' '  S t e e l 3 .0 0 .2 4 8 0 .1 4 1 ■
i "  S t e e l 30
10
5 . 0
3 . 0
0 .4 1 2
0 .6 3 6
0 .7 3 6
0 .8 4 0
0 .2 5 9
0 .466 
0 .5 8 2  
0 .7 2 4
0
9 240 Diamond 20
10
5 .0
3 .0
1 .0
0 .2 1 7
0 .1 9 3
0 .2 3 2
0 .2 9 8
0 .4 2 8
0 .1 8 3
0 .1 6 4
0 .1 9 6
0 .2 5 6
0 .3 7 9
V
9 240 S t e e l 3 0 ,  
10
5 . 0
2 . 0  
1 .0
O.3O8
0 .4 8 4
0 .6 2 4
0 .6 9 0
0 .7 4 3
0 .1 8 2
0 .3 1 9
0 .4 5 4
0 .5 2 7
0 .5 9 0
▼
12 607 Diamond 10 0 .4 2 8 0 .3 7 9 0
V 3 2 "  s t e e l 10 0 .3 8 4 0 .2 3 7 ►
17 950 Diamond 120
80
40
20
10
0 .3 3 8
0 .3 6 6
0 .4 7 2
0 .3 2 4
0 .6 1 3
0 .2 9 3
0 .3 2 0
0 .4 2 2
0 .4 7 4
0 .5 6 8
0
'  17 950 V 3 2 "  s t e e l 20 0 .7 2 4 0 .5 6 7 e
18 1340 Diamond 20 0 .4 8 1 0 .3 6 7 e
19 1810 Diam ond 20 0 .6 4 0 0 .5 2 6
------
0
1 0 4 .
I n  one c a s e  t h e  t r u e  s h a l l o w i n g  i s  some o f  t h e  d e p t h  
u n d e r  l o a d ,  w h ich  c o r r e s p o n d s  to  t h e  i n d e n t a t i o n  r e p o r t e d  by 
F o s s  and  B r u m f i e l d  (1^2 2 ) whose r a d i u s  o f  c u r v a t u r e  was 
t l i r e e  t im e s  t h a t  o f  t h e  i n d e n t e r .  The ‘ s h a l l o w i n g  i n c r e a s e s  
a s  t h e  l o a d  i s  r e d u c e d ,  b u t  t h e r e  i s  l i t t l e  c o n n e c t i o n  between 
t h e  s h a l l o w i n g  o f  diamond an d  s t e e l  b a l l  i n d e n t a t i o n s  i n  t h e  
same m e t a l .
T abor  (1951 6) showed t h a t  H e r t z , . ‘ s e q u a t i o n  f o r  t h e  
e l a s t i c  d e f o r m a t i o n  o f  s p h e r i c a l  s u r f a c e s  may be a p p l i e d  to  
t h e  r e c o v e r y  o f  b a l l  i n d e n t a t i o n s .  #e have
i
d = 2 ,2 2  ■ ^
r o - r i V ^ i  ^ 2. ‘
1^2 ( I
• 2 ~ r j \  El
w h ere  W = l o a d  and  g i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y .
r ^ r ,
) w.
'1 “2
^  = ( 2 -2 2 )^  !  ( i  +  J _ )  W.
Now M e y e r ' s  law s t a t e s  t h a t
W = — — 2
w here  A i s  a  c o n s t a n t  f o r  t h e  m e t a l .
w here  K = ( 2 . 22 )3  _A— / 1  + 1 \
2 r i
105.
1 - 1  
h  ^2
K
Now S = = 1 -  ^
ho %
AS th e  in d e n t a t io n  and in d e n te r  are s p h e r ic a l
d^ = Gr^h^ = 8 r^h
h
h.
2
=  1 -
r-
i  = s K r i
W
S u b s t i t u t i n g  f o r  K 
S = 
where  x  =
W
-X
n
-X
On c a l c u l a t i n g  th e  t r u e  s h a l l o w i n g  f ro m  t h i s  we have
-X - 2x  - 3x
S q = AW + BW +  CW
w h ich  i s  much more complex t h a n  t h e  f o r m u l a  f o r  t h e  a p p a r e n t
s h a l l o w i n g .  Owing to  t h i s  c o m p le x i t y  o n l y  t h e  a p p a r e n t
s h a l l o w i n g  can  be t r e a t e d  a n a l y t i c a l l y .
T h e o r e t i c a l l y  i f  l o g .  S i s  p l o t t e d  a g a i n s t  l o g .  W a
s t r a i g h t  l i n e  o f  s lo p e  2 ^  s h o u ld  r e s u l t ,  w here  n i s  t h e
1-0
s,
06
03
0 2
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Meyer i n d e x .  The r e s u l t s  a l r e a d y  g iv e n  i n  T a b l e  9 ai*e 
p l o t t e d  i n  t n i s  way i n  f i g .  4 6 .  i t  i s  p o s s i b l e  to  draw 
s t r a i g h t  l i n e  g r a p h s  t  tiro ugh t h e  p o i n t s ,  b u t  i n  g e n e r a l  two 
s t r a i g h t  l i n e s  o f  d i f f e r e n t  s l o p e s  a r e  r e q u i r e d  f o r  e a c h  s e t  
o f  p o i n t s .
At c o n s t a n t  l o a d  t h e  v a l u e  o f  S w i l l  be d e p e n d e n t  o n l y  
on t h e  v a l u e  o f  t h e  c o n s t a n t  X. T h i s  i n  t u r n  depends  upon 
t h e  h a r d n e s s  o f  t h e  m e t a l ,  t h e  r a d i u s  o f  c u r v a t u r e . o f  t h e  
i n d e n t e r ,  and  t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  i n d e n t e r  and  
m e t a l .  From t h e  t h e o r e t i c a l  t r e a t m e n t  S i s  e x p e c t e d  to  
i n c r e a s e  a s  t h e  h a r d n e s s  o f  t h e  m e ta l  i n c r e a s e s ,  t h e  r a d i u s  
o f  c u r v a t u r e  o f  t h e  i n d e n t e r  i n c r e a s e s  o r  t h e  Y o u n g 's  
m odulus  o f  t h e  i n d e n t e r  o r  m e ta l  d e c r e a s e s .  T h i s  i s  fo u n d  
to  be t h e  c a s e  e x p e r i m e n t a l l y .  Thus q u a l i t a t i v e l y  th e  
t h e o r e t i c a l  t r e a t m e n t  i s  v e r i f i e d .
The v a r i a t i o n  o f  s h a l l o w i n g  w i th  l o a d  i s ,  how ever ,  more 
com plex .  B a s i c a l l y  t h e  t h e o r e t i c a l  r e l a t i o n s h i p  i s  f o l l o w e d  
b u t  i n  t h e  m a j o r i t y  o f  c a s e s  x  and  X have two s e p a r a t e  v a l u e s  
As X an d  X b o th  depend  on t h e  v a l u e  o f  n t h e  change i n  t h e i r  
v a l u e s  can be t a k e n  to  i m p l y ' a  change i n  t h e  v a l u e  o f  n .
I t ' i s  w e l l  known t h a t  aoove t h e  c r i t i c a l  l o a d  f o r  f u l l  
p l a s t i c i t y  t h e  v a l u e  o f  n i s  c o n s t a n t ,  b u t  below t h i s  l o a d  
i t  i n c r e a s e s  to  t h e  v a l u e  o f  ') f o r  p u r e l y  e l a s t i c  d e f o r m a t i o n  
For  n = 3,  X = 0 and  f o r  n = 2 , x  = 0 .3 .  Thus a s  t h e  l o a d  
i s  r e d u c e d  th r o u g h  t h e  c r i t i c a l  v a l u e  f o r  f u l l  p l a s t i c i t y ,
hlooW
X  =o
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X  w i l l  d e c r e a s e  s lo w ly  to  z e r o .  T h i s  i s  i l l u s t r a t e d  i n  
f i g .  4 7 .  Above t h e  c r i t i c a l  l o a d  f o r  f u l l  p l a s t i c i t y  Wq t h e  
s l o p e s  o f  b o t h  t h e  l o g .  d ,  l o g .  W and  l o g .  S, l o g .  W g ra p h s  
a r e  c o n s t a n t .  Below t h i s  v a l u e  o f  l o a d ,  how ever ,  t h e  v a l u e  o f  
n i n c r e a s e s  to  3 ,  a s  shown on t n e  up p e r  g r a p h ,  an d  t h e  v a l u e  
o f  X d e c r e a s e s  t o  z e r o .  The r e s u l t s  a l r e a d y  d e s c r i b e d  can 
be e x p l a i n e d  on t h i s  b a s i s .
F o r  t h e  diamond b a l l  i n d e n t a t i o n s  i n  specim en 9 t h e  v a l u e  
o f  Wq, a s  d e t e r m i n e d  f ro m  t h e  Meyer a n a l y s i s ,  i s  1 .2  k g . ; 
t h a t  i s ,  i t  comes j u s t  a t  t h e  l e f t  hand  s i d e  o f  t h e  g r a p h  i n
f i g .  4 6 .  The g r a p h  o f  l o g .  S v e r s u s  l o g .  W i s  s t r a i g h t  b u t
i s  e x p e c t e d  t o  bend  i f  e x t e n d e d  i n t o  t h e  lo w er  r a n g e  o f  l o a d s .  
F o r  t h e  d iamond b a l l  i n d e n t a t i o n s  i n  spec im en  17 t h e  c r i t i c a l  
l o a d  f o r  f u l l  p l a s t i c i t y  i s  50 k g . , w n ich  i s  v e r y  c l o s e  to  t h e
l o a d  a t  wiriich t h e  two s t r a i g h t  l i n e  p o r t i o n s  o f  t h e  s h a l l o w i n g
d ia g ra m  i n t e r s e c t .  For  t h e  q:" s t e e l  b a l l  i n d e n t a t i o n s  i n  
sp e c im e n s  8 and  9 t h e  c r i t i c a l  l o a d  i s  w e l l  above 100 k g .  and  
so t h e  p o i n t s  p l o t t e d  i n  f i g .  46 r e p r e s e n t  t h e  cu rv e d  p a r t  o f  
t h e  l o g . S ,  l o g .  # g r a p h .  Thus t h e  v a r i a t i o n  o f  s h a l l o w i n g  
w i t h  l o a d  can be e x p l a i n e d .
' A co m p ar iso n  o f  t h e  v a l u e s  o f  t h e  Meyer i n d e x  n d e r i v e d  
f ro m  t h e  Meyer a n a l y s i s ,  an d  t h e  s h a l l o w i n g  i n d e x  x ,  i s  g iv e n  
i n  T a b le  1 0 .
1 0 8 . 
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Symbol Specimen I n d e n t e r n
Number Meyer
A n a l y s i s S h a l lo w in g
V 9 Diamond 2 .3 3 2 .2 4
o 17 Diamond 2 .2 9 2 .2 8
▼ 9 i "  S t e e l 2 .2 4 2 ,1 5
0 8 ” S t e e l 2 .2 2 2 .4 3
The ag re e m e n t  i s  q u i t e  good f o r  t h e  sp ec im en s  whose i n d e n t a t i o n s  
w ere  made above t h e  c r i t i c a l  v a l u e  f o r  f u l l  p l a s t i c i t y ,  b u t  
i s  n o t  so good f o r  t h o s e  whose i n d e n t a t i o n s  a r e  below t h e  
f u l l y  p l a s t i c  r a n g e .  One r e a s o n  f o r  t n i s  i s  t h a t  below t h e  
f u l l y  p l a s t i c  r a n g e  t h e  r e c o v e r e d  o a l l  i n d e n t a t i o n s  a r e  n o t  
s p h e r i c a l . E v id en c e  o f  t h i s  w i l l  be g iv e n  i n  t h e  n e x t  
c h a p t e r .  As t h e  i n d e n t a t i o n s  a r e  n o t  s p h e r i c a l .  H e r t z ’s 
t h e o r y  a n d  t h e  s h a l l o w i n g  e q u a t i o n  b a s e d  on i t  a r e  bound  to  
b r e a k  down.
1 0 9 .
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s h a p e  o f  b a l l  iNJENTAriONS.
R e f e r e n c e  was made i n  s e c t i o n  3 . 4  to  t h e  m easu rem en ts  o f  
B a t s o n ,  an d  F o ss  and  B r u m f i e l d ,  on r e c o v e r e d  b a l l  i n d e n t a t i o n s ,  
an d  t h e  e x p l a n a t i o n  o f  t n e i r  s p h e r i c a l  shape  g i v e n  by T a b o r .
A l l  t h e  i n d e n t a t i o n s  m e a s u re d  by t h e s e  w o rk e r s  were l a r g e  
b o t h  i n  d e p t h  and  d i a m e t e r .  The r e s u l t s  o f  d e p t h  m easu rem en ts  
o f  s h a l lo w  b a l l  i n d e n t a t i o n s  were g iv e n  i n  c h a p t e r  9 .  The 
sh ap e  o f  t h e s e  i n d e n t a t i o n s  can a l s o  be m e a su re d  by  m u l t i p l e  
beam i n t e r f  e r o m e t r i c  m e th o d s ,  and  i n  t i i i s  c h a p t e r  t h e  r e s u l t s  
o f  such  m easu rem en ts  w i l l  be p r e s e n t e d ,  t o g e t h e r  w i t h  a  
d i s c u s s i o n  o f  t h e i r  s i g n i f i c a i i c e .
F i g . 48 i s  an i n t e r f e r o g r a m  o f  a  t y p i c a l  s h a l lo w  b a l l  
i n d e n t a t i o n .  The d a r k  f r i n g e s  c o n t o u r  t h e  i n d e n t a t i o n ,  
r e v e a l i n g  i t s  shape  and  d e p t h .  I n  t h i s  c a s e  t h e  d e p t h  i s  
a b o u t  one h u n d r e d t h  o f  t h e  d i a m e t e r .  I f  t h e  d i a m e t e r  o f  t h e  
f r i n g e s  d i s  p l o t t e d  a g a i n s t  a  s e q u en ce  o f  n a t u r a l  numbers  n 
t h e  r e s u l t i n g  g r a p h  w i l l  r e p r e s e n t  t h e  sh a p e  o f  t h e  i n d e n t a t i o n .  
The d i a m e t e r s  o f  t h e  f r i n g e s  o v e r  t h e  i n d e n t a t i o n  shown i n  
f i g .  48 a r e  p l o t t e d  i n  t h i s  way i n  f i g .  4 9 a ,  w here  t h e  shape  
o f  t h e  i n d e n t a t i o n  i s  com pared  w i t h  a  s p h e r i c a l  s u r f a c e  o f  t h e  
same d i a m e t e r  and  d e p t h . I t  i s  o b v io u s  f rom  t h i s  f i g u r e  t h a t  
t h e  i n d e n t a t i o n  i s  n o t  s p h e r i c a l ,  b u t  t h e  d e v i a t i o n  i s  more 
c l e a r l y  r e v e a l e d  by p l o t t i n g  t h e  s q u a re  o f  t h e  d i a m e t e r  o f  t h e  
f r i n g e s  a g a i n s t  a  seq u en ce  o f  n a t u r a l  n u m b e rs .  T h i s  would
im
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be a  s t r a i g h t  l i n e  g r a p h  f o r  a  s a a l l o w ,  s p h e r i c a l ,  i n d e n t a t i o n .  
The d i a m e t e r s  o f  t h e  f r i n g e s  o ve r  t h e  i n d e n t a t i o n  shown i n  
f i g .  48 a r e  p l o t t e d  i n  t n i s  way i n  f i g .  4 9 b ,  and  t h e  d e v i a t i o n  
f ro m  t h e  s t r a i g h t  l i n e  i s  q u i t e  m arked .  T h i s  c u rv e  i s  
t y p i c a l  o f  many o f  t h e  s h a l lo w  b a l l  i n d e n t a t i o n s  m e a s u re d .
Dianiond a n d  s t e e l  b a l l  i n d e n t a t i o n s  i n  m a t e r i a l s  r a n g i n g  f rom  
Aluminium to  T u n g s te n  C a r b i d e ,  e x i i i b i t e d  t h i s  e f f e c t  i n  some 
d e g r e e .
1 0 .1  METHOD OF MEASUiiEiviENT .
I n  o r d e r  to  compare q u a n t i t a t i v e l y  t h e  e x t e n t  o f  t h e  
d e v i a t i o n  f rom  s p h e r i c i t y  o f  t h e  i n d e n t a t i o n s ,  some m easure  
o f  t h e  d e v i a t i o n  o f  a  c u r v e  f rom  a f i x e d  sh ap e  i s  r e q u i r e d .  - 
Such  a  m easu re  i s  m ost  s im p ly  c o n s t r u c t e d  i f  t h e  r e f e r e n c e  
c u r v e  i s  a  s t r a i g h t  l i n e .  For  t h i s  r e a s o n  t h e  n o n - s p h e r i c i t y  
o f  t h e  i n d e n t a t i o n  i s  d e f i n e d  i n  t e rm s  o f  t h e  d e v i a t i o n  o f
p
t h e  d  , n c u rv e  f ro m  a s t r a i g h t  l i n e .  I n  o r d e r  to  s p e c i f y
t h e  e x t e n t  and  siiape o f  t h e  n o n - s p h e r i c i t y  t h e  d e v i a t i o n s  o f
t h e  c u r v e  f ro m  b o t h  t h e  t a n g e n t  a t  t h e  o r i g i n ,  an d  t h e  s t r a i g h t
2l i n e  c o n n e c t i n g  t h e  e x t re m e  ends  o f  t h e  d , n c u r v e ,  a r e
r e q u i r e d .  The p r o p o s e d  d e f i n i t i o n s  a r e  i l l u s t r a t e d  i n  f i g .  50»
i n  w h ich  t h e  c u rv e  i s  shown a s  a  f u l l  l i n e  and  t h e  two
r e f e r e n c e  l i n e s  a r e  shown b r o k e n , The d e v i a t i o n  f ro m  t h e
A n i
t a n g e n t  a t  t h e  o r i g i n  i s  d e f i n e d  a s  = — —-, and  t h e  
d e v i a t i o n  f ro m  t h e  s t r a i g h t  l i n e  c o n n e c t i n g  t h e  ends  o f  t h e  
c u r v e  i s  d e f i n e d  a s
aA a
A d
2
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w here  ( A d  )jmax. i s  t h e  maxiimm d i f f e r e n c e  i n  d be tw een  t h e
two c u r v e s  and  D i s  t h e  d i a m e t e r  o f  t h e  i n d e n t a t i o n .  The
q u a n t i t i e s  and  a r e  i n d e p e n d e n t  o f  t h e  s i z e  o f  t h e
i n d e n t a t i o n  and  depend  o n l y  on i t s  d e v i a t i o n s  f rom  s p h e r i c i t y .
The f o l l o w i n g  f o r m u l a  was fo u n d  to  be a  v e r y  c l o s e
p
a p p r o x i m a t i o n  to  t h e  e x p e r i m e n t a l  d  , n  c a r v e s  o b t a i n e d : -
, . 2  . r  
,2  , . .2  / dn = m-
  / d  \
i^d -  (m^  -mg) i ( y^
w here  m^ and  ^  a r e  t h e  s l o p e s  o f  t n e  two s t r a i g h t  r e f e r e n c e  
l i n e s ,  and  r  i s  a  c o n s t a n t  f o r  each  i n d e n t a t i o n .  From t h i s  
e q u a t i o n  i t  can  be shown t h a t
Gn
mi -  mg
“ a  =  *  F V - i  X ----------
( l + r )
The r a t i o  o f  t h e  two m e a s u re s  o f  n o n - s p h e r i c i t y  i s  t h u s
% = ^  = ^ ^ ( 1  + r)^
Gd
a n d  d ep e n d s  o n l y  on r .  The v a l u e  o f  r  d e t e r m i n e s  t h e  sh a p e  
o f  t h e  c u rv e  i f  t h e  b o u n d in g  l i n e s  a r e  g i v e n ,  i . e .  m^ and  m^
p
c o n s t a n t .  d  , n c u r v e s  f o r  f i x e d  v a l u e s  o f  and  and 
v a l u e s  o f  r  o f  1 , 2 and  4 a r e  shown i n  f i g .  ^1 , f rom which  i t  
i s  s een  t h a t  a s  r  i n c r e a s e s  t h e  c u rv e  r e m a in s  c o i n c i d e n t  w i t h
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t h e  t a n g e n t  a t  t h e  o r i g i n  f o r  a g r e a t e r  p a r t  o f  i t s  l e n g t h ;  
t h a t  i s ,  a  g r e a t e r  p r o p o r t i o n  o f  t h e  c e n t r e  o f  t h e  i n d e n t a t i o n  
i s  s p h e r i c a l .
10 .-2 RESULTS.
V a l u e s  o f  and  G^ w ere  f o u n d  f o r  a  number o f  diamond 
and  s t e e l  b a l l  i n d e n t a t i o n s  i n  m e t a l  sp e c im en s  o f  v a r i o u s  
h a r d n e s s  v a l u e s ,  and  t h e  v a l u e s  o f  r  were  c a l c u l a t e d  f rom  t h e i r  
r a t i o s .  The r e s u l t s  a r e  l i s t e d  i n  T a b le  1 1 . The v a l u e s  o f  
G^ and  r  a r e  p l o t t e d  a g a i n s t  t h e  l o a d ,  f o r  t h e  i n d e n t a t i o n s  
l i s t e d  i n  T a b le  1 1 , i n  f i g s . $2 and 5 3 * The k ey  to  t h e  
sym bols  u s e d  to  r e p r e s e n t  t h e  v a r i o u s  m e t a l s  i s  g iv e n  i n  t h e  
l a s t  column o f  t h e  T a b l e .  The b l a c k  p o i n t s  on t h e  g rap h s  
r e f e r  to  s t e e l  and  t h e  w h i t e  p o i n t s  to  diamond b a l l  i n d e n t ­
a t i o n s  .
A number o f  g e n e r a l  c o n c l u s i o n s  may be drawn f ro m  t r ie se  
r e s u l t s ,  which  a r e  c a p a b le  o f  p r e c i s e  p h y s i c a l  i n t e r p r e t a t i o n .  
The main c o n c l u s i o n s  a r e  a s  f o l l o w s : -
( 1 ) The v a l u e  o f  G^ d e c r e a s e s  to  ze ro  a s  t h e  l o a d  i s
A
i n c r e a s e d ,  f o r  t h e  same m a t e r i a l  and  i n d e n t e r .
( 2 ) The v a l u e  o f  G^ i n c r e a s e s  w i t h  t h e  D .P .H .  o f  t h e
spec im en ,  f o r  t h e  same i n d e n t e r  and  l o a d .
( 3 ) The v a l u e  o f  G^ i s  a lw ays  g r e a t e r  f o r  a  s t e e l  b a l l
i n d e n t e r  th a n  f o r  a  diamond b a l l  i n d e n t e r  o f  t h e  
same r a d i u s  o f  c u r v a t u r e ,  f o r  t h e  same m a t e r i a l  
and  l o a d .
113.
TABLE 1 1 .
Specimen W umber
1D.P.H. Indenter Loadkg. Gn r Symbol
1 26 i'* Steel 1.0 0.067 1.22 A
9 240 i*’ Steel 5.0 0.376 1.58 W
' 10 0.157 3.35
8 260 V32" steel 3.0 0.193 1.03 m
Diamond 3.0 0.104 0.83 0
12 607 V32" steel 10 0.281 1.51 ►
Diamond 10 0.161 1.30 0
17 950 V32" steel 20 0.371 2.00 •
, Diamond 10 0.426 0.95 0
20 . 0.230 1.45
• 40 0.092 9.3
80 0 —
19 1810 Diamond 20 0.277 1.63 0
1 1 4 .
f
(4 ) The v a l u e  o f  r  i n o r e a s e s  a s  t h e  l o a d  i s  i n c r e a s e d ,
f o r  t h e  same m a t e r i a l  and i n d e n t e r  .
( 5 ) The v a l u e  o f  r  d e c r e a s e s  a s  t h e  D .P .H .  o f  t h e
specimen i n c r e a s e s ,  f o r  t n e  same i n d e n t e r  and 
l o a d .
(6)  The v a l u e  o f  r  i s  a lw ays  g r e a t e r  f o r  a  s t e e l  h a l l
i n d e n t e r  t h a n  a  diamond b a l l  i n d e n t e r  o f  t h e  same 
r a d i u s  o f  c u r v a t u r e ,  f o r  t h e  same m a t e r i a l  and 
l o a d .
As m e asu re s  t h e  e x t e n t  o f  t h e  n o n - s p h e r i c i t y ,  and  t h e  
v a l u e  o f  r  i n d i c a t e s  i t s  sh a p e ,  t h e  above e x p e r i m e n t a l  
c o n c l u s i o n s  a r e  i n t e r p r e t e d  a s  f o l l o w a : -
( 1 ) The n o n - s p h e r i c i t y  o f  t h e  i n d e n t a t i o n  d e c r e a s e s  a s
t n e  l o a d  i s  i n c r e a s e d ,  f o r  t h e  same i n d e n t e r  and  
m e t a l ,  u n t i l  a t  a  c e r t a i n  l o a d  t h e  i n d e n t a t i o n  
becomes s p h e r i c a l .
( 2 ) I n d e n t a t i o n s  made w i t h  t h e  same l o a d  and  i n d e n t e r  a r e
l e s s  s p h e r i c a l  on h a r d e r  m e t a l s .
( 3 ) A s t e e l  b a l l  i n d e n t a t i o n  i s  a lw ays  l e s s  s p h e r i c a l
t h a n  t h e  c o r r e s p o n d i n g  diamond b a l l  i n d e n t a t i o n .
( 4 ) The s p h e r i c a l  p o r t i o n  a t  t h e  c e n t r e  o f  t h e
i n d e n t a t i o n  i n c r e a s e s  i n  s i z e  w i t h  t h e  l o a d ,  f o r  
t h e  same m e ta l  and  i n d e n t e r :  .
( 3 ) The s p h e r i c a l  p o r t i o n  o f  t h e  i n d e n t a t i o n  d e c r e a s e s  
i n  s i z e  a s  t h e  h a r d n e s s  o f  t h e  specim en i s
f\
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i n o r e a s e d ,  f o r  t h e  same i n d e n t e r  and l o a d ,
( 6 ) The s p h e r i c a l  p o r t i o n  o f  t h e  i n d e n t a t i o n  i s  l a r g e r
i n  s i z e  f o r  a  s t e e l  b a l l  i n d e n t e r  th a n  f o r  a
diamond b a l l  i n d e n t e r  o f  t h e  same r a d i u s  o f  
c u r v a t u r e ,  f o r  t h e  same m a t e r i a l  and  l o a d .
An i n t e r e s t i n g  p o i n t  a r i s e s  f rom  a  co m p ar iso n  o f  t h e  
d ^ ,  n  c u r v e s  f o r  t h e  1 0 , 20 and 40 k g .  i n d e n t a t i o n s  i n
spec im en  1 7 .  These  c u r v e s  a r e  shown s u p e r im p o se d  i n  f i g .  54 .
The g ro w th  o f  t h e  c e n t r a l  s p h e r i c a l  r e g i o n  and  t h e  d e c r e a s e  
i n  t h e  n o n - s p h e r i c i t y  a s  t h e  l o a d  i s  i n c r e a s e d ,  a r e  c l e a r l y  
r e v e a l e d .  The i n t e r e s t i n g  p o i n t ,  however,  i s  t h a t  a l l  t h e  
c u r v e s  have  th e  same t a n g e n t  a t  t h e  o r i g i n .  T h a t  i s ,  t h e  
r a d i u s  o f  c u r v a t u r e  o f  t h e  c e n t r a l  p a r t  o f  a l l  t i i r e e  
i n d e n t a t i o n s  i s  t h e  same. T h i s  h a s  some b e a r i n g  on th e  
p r e s s u r e  d i s t r i b u t i o n  between th e  i n d e n t e r  and  m e t a l ,  and t h e  
g ro w th  o f  t h e  p l a s t i c  r e g i o n ,  and w i l l  be r e f e r r e d  to  a g a in  
i n  t h e  n e x t  s e c t i o n .
1 0 .3  DISCUSSION .
In  v iew  o f  t h e  e f f e c t  o f  t h e  t r a n s i t i o n  t o  f u l l y  p l a s t i c  
d e f o r m a t i o n  on th e  f lo w  p a t t e r n  shape  and s h a l l o w i n g  o f  b a l l  
i n d e n t a t i o n s ,  i t  i s  n a t u r a l  t o  seek  to  l i n k  t h e  n o n - s p h e r i c i t y  
o f  t h e  i n d e n t a t i o n s  w i t h  t h e  same phenomenon. The c r i t i c a l  
l o a d  f o r  f u l l  p l a s t i c i t y  f o r  diamond b a l l  i n d e n t a t i o n s  i n  
spec im en  I 7  h as  a l r e a d y  been  g iv e n  i n  C h a p te r  7 a s  50 k g . , and  
on r e f e r e n c e  t o  f i g s .  yz  and  53 i s  seen  t h a t  t h i s  i s  t h e
Il6.
l o a d  a t  which  th e  i n d e n t a t i o n s  i n  t h i s  specim en assume a 
s p h e r i c a l  s h a p e .  A l l  t h e  n o n - s p h e r i c a l  i n d e n t a t i o n s  l i s t e d  
i n  T a b le  11 were  fo u n d  to  have been made Delow tn e  f u l l y  
p l a s t i c  r a n g e ,  a s  r e v e a l e d  by t h e  Meyer a n a l y s i s .  Thus ,  
r e c o v e r e d  b a l l  i n d e n t a t i o n s  a r e  o n ly  s p h e r i c a l  i f  t h e y  a r e  
made w i t h  l o a d s  l a r g e r  t h a n  t h e  c r i t i c a l  l o a d  f o r  f u l l  
p l a s t i c i t y .
T abor  (1951 p r o p o s e d  th e  f o l l o w i n g  f o r m u la  f o r
d e t e r m i n a t i o n  o f  t h e  c r i t i c a l  l o a d  f o r  f u l l  p l a s t i c i t y  .
= 2610 r2  ( h  +
w here  Y i s  t h e  y i e l d  s t r e s s  o f  t h e  m e t a l ,  r  i s  t h e  r a d i u s  o f  
c u r v a t u r e  o f  t h e  i n d e n t e r ,  and  E% and E2 a r e  t h e  Y oung 's  
m o d u l i  o f  t h e  i n d e n t e r  and  m e t a l . T h i s  f o rm u la  i s  o n ly  
v a l i d  f o r  w o rk -h a rd e n e d  m e t a l s .  On t h e  b a s i s  o f  t h i s  
e q u a t i o n ,  and  t h e  r e s u l t  r e p o r t e d  i n  p a r a g r a p h  ( l )  above ,  
t h a t  a s  t h e  l o a d  i s  r e d u c e d  below t h e  c r i t i c a l  l o a d  f o r  f u l l  
p l a s t i c i t y  t h e  i n d e n t a t i o n s  become p r o g r e s s i v e l y  l e s s  
s p h e r i c a l ,  t h e  o t h e r  e x p e r i m e n ta l  c o n c l u s i o n s  can be 
e x p l a i n e d .
( 2 ) The c r i t i c a l  l o a d  f o r  f u l l  p l a s t i c i t y  i n c r e a s e s  
w i t h  t h e  h a r d n e s s ,  o r  y i e l d  s t r e n g t h ,  o f  t h e  
m e t a l ;  hence  t h e  c o n s t a n t  l o a d  becomes 
p r o g r e s s i v e l y  l e s s  th a n  th e  c r i t i c a l  l o a d  and 
t h e  n o n - s p h e r i c i t y  i n c r e a s e s .
1 1 7 .
( 3 ) As th e  Y o u n g 's  modulus i s  i n c r e a s e d  t h e  c r i t i c a l
l o a d  d e c r e a s e s  and  so t h e  n o n - s p h e r i c i t y  i s  
r e d u c e d .
( 4 ) The s p h e r i c a l  p o r t i o n  o f  t h e  i n d e n t a t i o n  must  he
c o n n e c t e d  w i t h  t h e  p l a s t i c  r e g i o n  a s  t h e  s i z e  o f  
b o t h  i n c r e a s e s  w i t h  t h e  l o a d .
( 5 ) D e c re a s e  o f  h a r d n e s s  a t  c o n s t a n t  l o a d  i s  e q u i v a l e n t
to  i n c r e a s e  o f  l o a d  a t  c o n s t a n t  h a r d n e s s ,  hence  
t h e s e  r e s u l t s  a r e  i n  a c c o r d  w i t h  t h o s e  i n  
p a r a g r a p h  ( 4 ) .
( 6 ) The s p h e r i c a l  p o r t i o n  o f  t h e  i n d e n t a t i o n  i s  l a r g e r
f o r  a  s t e e l  t h a n  a diamond b a l l  i n d e n t e r .  T h e re  
i s  no r e a s o n  to  e x p e c t  t h i s ,  o r  t h e  c o n v e r s e ,  t o  
be t r u e  on t h e  b a s i s  o f  t h e  above t r e a t m e n t .
T h e re  a r e  t h r e e  e x p e r i m e n t a l  f a c t s  upon w hich  any a t t e m p t  
to  c o n s t r u c t  a  p r e s s u r e  d i s t r i b u t i o n  be tween  th e  i n d e n t e r  and  
m e t a l ,  below t h e  f u l l y  p l a s t i c  r a n g e ,  must be b a s e d .  In  t h e  
f u l l y  p l a s t i c  r a n g e  t h e  i n d e n t a t i o n  i s  s p h e r i c a l  and t h e  
a p p r o x im a te  p r e s s u r e  d i s t r i b u t i o n  i s  known; t h e  c e n t r e  p o r t i o n s  
o f  a l l  i n d e n t a t i o n s  made below th e  f u l l y  p l a s t i c  r a n g e  have 
t h e  same r a d i u s  o f  c u r v a t u r e ;  a s  t h e  l o a d  i s  r e d u c e d  t h e  mean 
p r e s s u r e  o v e r  t h e  i n d e n t a t i o n  d e c r e a s e s .
The p r e s s u r e  d i s t r i b u t i o n  f o r  f u l l y  p l a s t i c  d e f o r m a t i o n  
i s  e s s e n t i a l l y  t h a t  shown i n  f i g .  55&, a s  r e p o r t e d  i n  s e c t i o n  
3 . 4 .  Tne maximum p r e s s u r e  i s  4Y where  Y i s  t h e  y i e l d  s t r e s s
1 18 .
o f  t h e  m e t a l . F o r  an i n d e n t a t i o n  made below t h e  f u l l y  
p l a s t i c  rai 'ige t h e  mean p r e s s u r e  w i l l  be s m a l l e r .  An a t t e m p t  
t o  c o n s t r u c t  such  a  p r e s s u r e  d i s t r i b u t i o n  i s  shown i n  f i g .  55b, 
where  t h e  maximum i s  t a k e n  a s  and t h e  shape  a t  t h e  c e n t r e  
i s  t h e  same a s  t h a t  f o r  f u l l y  p l a s t i c  d e f o r m a t i o n .  The 
c e n t r e  o f  an i n d e n t a t i o n  made u n d e r  t h i s  p r e s s u r e  d i s t r i b u t i o n  
w i l l  be e x p e c t e d  to  be s p h e r i c a l , t h e  a v e r a g e  p r e s s u r e  w i l l  
be low er  t h a n  f o r  t h e  d i s t r i b u t i o n  shown i n  f i g .  55&, and  t h e  
n o n - s p h e r i c i t y  w i l l  be due t o  t h e  r e d u c t i o n  i n  v a l u e  o f  t h e  
p r e s s u r e s  w i t h  r e s p e c t  to  t h e  y i e l d  s t r e s s  o f  t h e  m e t a l .
1 1 9 .
GHAPTSil 1 1 .
GAlTIGAL SPECIMEN SIZE.
The p u r p o s e  o f  t h e  work r e p o r t e d  i n  t h i s  c h a p t e r  i s  to  
i n v e s t i g a t e  t h e  d e f o r m a t i o n  o f  t h e  specimen w h ich  o c c u r s  when 
an i n d e n t a t i o n  i s  made n e a r  an e d g e . The s u rv e y  o f  work on 
c r i t i c a l  spec im en  s i z e  g iv e n  i n  s e c t i o n  3*5 i n c l u d e d  th e  work 
o f  Moore, and  H ank ins  and  A ld o u s ,  wnich  was c o n c e rn e d  w i t h  
t h e  h a r d n e s s  v a l u e  a s  s u c h  a n d  n o t  w i t h  t h e  d e f o r m a t i o n  
p r o d u c e d .  H i l l ' s  t h e o r e t i c a l  work on wedge i n d e n t a t i o n  was 
a l s o  m e n t io n e d ,  t o g e t h e r  w i t h  i t s  e x p e r i m e n t a l  v e r i f i c a t i o n  
by  G re en  and  D u g d a l e . However, none o f  t h i s  work g i v e s  any 
d e f i n i t e  i n f o r m a t i o n  a s  t o  t h e  t y p e  o f  d e f o r m a t i o n  o c c u r r i n g  
when a  h a r d n e s s  t e s t  i s  made w i t h  a  c o n v e n t i o n a l  i n d e n t e r  
n e a r  to  t h e  edge o f  t h e  s p e c im e n .  T n i s  d e f o r m a t i o n  i s  t h e  
s u b j e c t  o f  t h e  p r e s e n t  c h a p t e r .
1 1 .1  METHOD OF MEASGREMENT .
In  o r d e r  to  i n v e s t i g a t e  t h e  d e f o r m a t i o n  p a t t e r n  e x p e r i ­
m e n t a l l y ,  spec im ens  w i t h  two f l a t  p o l i s h e d  s i d e s  a t  r i g h t  
a n g l e s  to  ea ch  o t h e r  w ere  u s e d .  The p r e p a r a t i o n  o f  t n e s e  
sp e c im en s  was d e s c r i b e d  i n  C h a p te r  4 . An i n d e n t a t i o n  was 
made a t  r i g h t  a n g l e s  t o ,  and  n e a r  t h e  edge o f  one f a c e ,  and 
th e  two f a c e s  were examined i n t e r f e r o m e t r i c a l l y . The 
sp ec im en s  u s e d  were o f  h a r d  b r a s s  and  s i l v e r  s t e e l ,  numbers 
5 and  6 i n  T a b le  1 . C o n ic a l  and  p y ra m id a l  diamond i n d e n t e r s
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were u s e d ,  o f  whioh th e  l a t t e r  i s  t h e  b e t t e r  a p p r o x im a t io n  to  
t h e  i n f i n i t e l y  l o n g  wedge whose d e f o r m a t i o n  p a t t e r n  h as  been  
s t u d i e d  t h e o r e t i o a l l y . The i n d e n t a t i o n s  were made w i t h  
s p e c i f i e d  l o a d s  a t  v a r i o u s  d i s t a n c e s  f rom  t h e  edge o f  t h e  
s p e c im e n .  The d i s t a n c e  o f  t h e  c e n t r e  o f  t h e  i n d e n t a t i o n  
f rom  t h e  specimen edge,  and  th e  d i a m e t e r  o f  t h e  i n d e n t a t i o n ,  
w ere  m e asu red  w i th  t h e  m ic ro s c o p e  i n c o r p o r a t e d  i n  t h e  h a r d n e s s  
t e s t e r .  I n t e r f e r o g r a m s  o f  a  t y p i c a l  t e s t  a r e  shown i n
f i g .  5 6 .  The pyram id  i n d e n t a t i o n ,  w i t h  i t s  s i d e s  p a r a l l e l  
and  p e r p e n d i c u l a r  to  t h e  edge ,  i s  shown i n  f i g .  5 6 a ,  and  th e  
d i s t o r t i o n  p ro d u c e d  on th e  s i d e  o f  t h e  spec im en  i s  shown i n  
f i g .  5 6 b .  The d e f o r m a t i o n  o f  t h e  s i d e  o f  t h e  specim en i s  
i n  t h e  fo rm  o f  a  " h i l l "  whose maximum h e i g h t  i s  a t  t h e  
spec im en  edge and  o p p o s i t e  t h e  c e n t r e  o f  t h e  i n d e n t a t i o n  .
The c e n t r a l  s e c t i o n  o f  t h e  h i l l  a lo n g  th e  l i n e  GD i s  shown 
i n  f i g .  57;  t i l l s  was c o m p i le d  f ro m  th e  shape o f  t h e  s u r f a c e  
b e f o r e  and a f t e r  i n d e n t a t i o n  and  so r e p r e s e n t s  t h e  d i s t o r t i o n  
c a u s e d  by t h e  i n d e n t a t i o n  and  n o t  t h e  f i n a l  shape  o f  t h e  
s u r f a c e .  I t s  r e c t i l i n e a r  shape  and l a r g e  d e p t h ,  i n  
co m p ar iso n  w i t h  t h e  d e p t n  o f  t h e  i n d e n t a t i o n ,  a r e  o f  i n t e r e s t .  
The s e c t i o n  o f  t h e  h i l l  a l o n g  th e  l i n e  AB i s  shown i n  f i g .  5^ ,  
w here  i t  i s  compared w i t n  th e  w i d th  o f  t h e  i n d e n t a t i o n .  The 
e x t e n t  o f  t h e  h i l l  i s  a b o u t  e q u a l  to  t h e  t o t a l  e x t e n t  o f  t h e  
f lo w  p a t t e r n  a ro u n d  t h e  i n d e n t a t i o n .
'Æ
■-.%..;
: : . i
F i g .  59
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■
;
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From s e c t i o n s  s i m i l a r  to  t h a t  shown i n  f i g .  57 th e  
a n g l e  6  and  maximum h e i g h t  o f  f lo w  h may oe fo u n d  f o r  a  
s e r i e s  o f  i n d e n t a t i o n s  and  p l o t t e d  a g a i n s t  t h e  d i s t a n c e  o f  
t h e  c e n t r e  o f  t h e  i n d e n t a t i o n  f rom  th e  edge o f  t h e  s p e c im e n .
I f  t h e  w i d th  o f  t h e  i n d e n t a t i o n  a l o n g  a l i n e  p e r p e n d i c u l a r  to  
th e  edge o f  t h e  spec im en  i s  a ,  and  th e  p e r p e n d i c u l a r  d i s t a n c e  
o f  th e  c e n t r e  o f  t h e  i n d e n t a t i o n  f rom  t h e  edge o f  t h e  specim en
X
i s  X, the v a lu e  o f  ^ w i l l  determ ine the  d i s t o r t i o n  cau sed  by 
th e  in d e n t a t io n .  d e o m e tr ic a l  c o n s id e r a t io n s  i n d i c a t e  th a t
X
f o r  a  c o n s t a n t  v a l u e  o f  a  t h e  a n g l e  & s h o u ld  oe c o n s t a n t  and 
t h e  maximum h e i g h t  h  p r o p o r t i o n a l  to  x .
1 1 .2  RESULTS.
Each  s e r i e s  o f  t e s t s  was made a t  c o n s t a n t  l o a d ,  i . e .  
c o n s t a n t  a ,  f o r  d i f f e r i n g  v a l u e s  o f  x,  and  t h e  v a l u e s  o f  
G,  h  and  DB w ere  m e asu red  f o r  each  t e s t .  The r e s u l t s  a r e  
l i s t e d  i n  T a b l e  12 and  t h e  v a l u e s  o f  0  and  h  a r e  p l o t t e d  
a g a i n s t  g; i n  f i g .  5 9 * The a c c u r a c y  o f  d e t e c t i o n  o f  a 
d i s t o r t i o n  i s  a b o u t  n a i f  a  w a v e le n g th  X , and  th e  a c c u r a c y  
o f  m easurem ent  o f  d i s t o r t i o n s  i s  a b o u t  a  t e n t h  o f  a  w a v e le n g th .  
The w a v e le n g th  o f  t h e  l i g h t  employed i n  a l l  t h e  p r e s e n t  work 
was 0 .546 m i c r o n s .  The g r a p h s  shown i n  f i g .  59 r e v e a l  t h e  
r a p i d  i n c r e a s e  i n  S  and  h  a s  t h e  v a l u e  o f  ^  i s  r e d u c e d .
The c r i t i c a l  w id th  f o r  py ram id  i n d e n t a t i o n s  i n  b r a s s ,  i . e .
X
t h e  v a l u e  o f  â  f o r  wnich  h  = 0,  i s  ab o u t  tw i c e  t h a t  f o r  s t e e l .
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Specimen
Number
M e ta l I n d e n t e r Load
k g .
X
E
&
m in u te s
h
X  1
DE
m ic ro n s
Symbo1
5 B ra s s Gone 10 1 .3 1 57 3 1 .6 526 A
10 2 .0 9 8 .0 5 . 2 620
5 B r a s s p y ram id 10 i . 6 o 35 1 8 .7 498 a
10 2 .1 3 12 .7 6 .2 3 462
10 2 .9 3 3 . 4 2 .5 3 698
10 4 . 0 6 - - -
6 S t e e l Pyram id 5 1 .2 9 37 6 .6 5 168 ♦
5 1 .3 8 20 3 .3 2 158
6 S t e e l p y ra m id 10 0 .9 5 129 3 7 .3 270 ■
10 1 .3 2 32 8 .5 250
10 1 .6 8 1 0 .5 3 .6 8 321
10 1 .8 1 1 2 .5 3 .9 8 300
10 2 .2 7
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F or  b r a s s  th e  v a l u e s  o f  h and  ® a r e  s m a l l e r  f o r  t h e  cone th a n
X
t h e  pyramxd x n d e n t a t i o n s ,  f o r  t h e  same v a l u e  o f  g .  T h i s  i s  
u n d e r s t a n d a b l e ,  as  f o r  a cone i n d e n t a t i o n  o n l y  one p o i n t  i s  
a t  a d i s t a n c e  o f  x  -  g f ro m  th e  specimen edge ,  w hereas  f o r  a 
p y ra m id  i n d e n t a t i o n  t h e  whole o f  t h e  s i d e  i s  a t  t n i s  d i s t a n c e .  
Thus f o r  a  g iv e n  v a l u e  o f  a ,  a  p y ram id  i n d e n t a t i o n  w i l l  be 
e x p e c t e d  to c a u se  a  l a r g e r  d i s t o r t i o n  th a n  a  cone i n d e n t a t i o n  . 
The v a l u e s  o f  h  f o r  t h e  5 i n d e n t a t i o n s  i n  s t e e l  a r e  l e s s  
th a n  th o s e  f o r  t h e  10 k g .  i n d e n t a t i o n s  a s  e x p e c t e d ;  and  i f  
m u l t i p l i e d  by  / 2  t h e y  f a l l  c l o s e  to  t h e  10 k g .  c u r v e . The 
v a l u e s  of  ® f o r  a l l  t h e  py ram id  i n d e n t a t i o n s  i n  s t e e l  l i e  
on a  s i n g l e  c u r v e .  I n  a l l  c a s e s  t h e  v a l u e s  o f  h  m easured  
were  v e r y  s m a l l ,  t h e  maximum b e i n g  some 12 m i c r o n s .  As 
t h e r e  i s  no s i g n i f i c a n t  h a r d n e s s  v a r i a t i o n  a s s o c i a t e d  w i t h  t h e  
t e s t s  i t  may be c o n c lu d e d  t h a t  t h e  d i s t o r t i o n  i s  q u i t e  
a p p r e c i a b l e  b e f o r e  any s u b s t a n t i a l  v a r i a t i o n  i n  h a r d n e s s  
becomes a p p a r e n t .
An i n t e r e s t i n g  r e s u l t  a r i s e s  f ro m  an e x a m in a t io n  o f  t h e  
s u r f a c e  d i s t o r t i o n  a r o u n d  th e  i n d e n t a t i o n .  I n  f i g .  56 a  t h e  
s q u a r e  sh ap ed  i n d e n t a t i o n  i s  s u r ro u n d e d  by a  r a t h e r  i r r e g u l a r  
f l o w  p a t t e r n .  The s t r a i g h t  f r i n g e s  between t h e  i n d e n t a t i o n  
and  t h e  edge o f  t h e  specim en a r e  much c l o s e r  t o g e t h e r  t h a n  
t h e y  a r e  a t  t h e  same d i s t a n c e  f rom  th e  edge ,  a t  some d i s t a n c e  
f ro m  t h e  i n d e n t a t i o n .  T h i s  i n d i c a t e s  a  t i l t  i n  t h e  s u r f a c e  
b e tw een  t h e  i n d e n t a t i o n  and  t h e  specimen e d g e .  T h i s  t i l t  
was p r e s e n t  i n  a l l  t h e  t e s t s  r e p o r t e d .  The a n g l e  o f  t i l t
1 2 4 .
may r e a d i l y  be m easu red  by means o f  t h e  f r i n g e s ,  and  t n i s  was 
done f o r  a  number o f  t h e  i n d e n t a t i o n s  r e p o r t e d  a b o v e . I n  
e v e r y  c a s e  t h e  a n g l e  o f  t i l t  was e q u a l  to  t h e  a n g l e  & o f  th e  
h i l l  on t h e  s i d e  o f  t h e  sp e o im e n .  T h i s  means t h a t  t h e  b lo ck  
o f  m e t a l  be tween  th e  i n d e n t a t i o n  and t h e  edge o f  t h e  specimen 
h a s  r o t a t e d  a s  a  s o l i d  body. The d e p t h  o f  t h e  b l o c k  i s  some 
20 t im e s  t h e  d e p t h  o f  t h e  i n d e n t a t i o n  and  i t s  w id th  and l e n g t h  
a r e  o f  t h e  o r d e r  o f  t h e  d i a m e t e r  o f  t h e  i n d e n t a t i o n .
T h i s  mode o f  d e f o r m a t i o n  c l o s e l y  r e s e m b l e s  t h a t  g iv e n  by 
H i l l  (1950) f o r  an i n f i n i t e l y  l o n g  wedge i n d e n t e r  i n d e n t i n g  
an i d e a l  p l a s t i c - r i g i d  b o d y .  The d iag ram  from  H i l l ' s  p a p e r  
i s  g iv e n  i n  f i g .  18 and  h a s  a l r e a d y  been b r i e f l y  r e f e r r e d  to  
i n  s e c t i o n  3 *5 • The s e t s  o f  o r t h o g o n a l  l i n e s  ADEPG, BDFG, etc., 
a r e  p l a s t i c  s l i p  l i n e s .  They a r e  l i n e s  o f  maximum s h e a r  
s t r e s s  and  t h e i r  shape  d e f i n e s  b o tn  t h e  p r e s s u r e  d i s t r i b u t i o n  
and  t h e  mode o f  d e f o r m a t i o n .  H i l l  s t a t e s ,  "At a  c e r t a i n  
p e n e t r a t i o n  t h e  p l a s t i c  r e g i o n  (whose c o n j e c t u r e d  b o u n d a ry  
i s  i n d i c a t e d  by broken c u r v e s  i n  f i g .  1 8 ) j u s t  c o n t a i n s  a 
co m p le te  s l i p  l i n e  HJKLivi, e x t e n d i n g  f rom  t h e  a x i s  o f  symmetry 
t o  t h e  l a t e r a l  s u r f a c e . Up to  t h i s  moment t h e  p l a s t i c  
m a t e r i a l  below th e  i n d e n t e r  h as  been r i g i d l y  c o n s t r a i n e d .
A f t e r  t h i s  moment t h e  r i g i d  c o r n e r s  o f  t h e  speoimen a r e  
assumed to  be d i s p l a c e d  s id ew ay s  by s l i d i n g  o v e r  t h e  s l i p  l i n e  
KLivi." He goes  on to  d i s c u s s  i n  d e t a i l  t h e  d e f o r m a t i o n  f o r  a  
k n i f e  edge ,  a  f l a t  d i e ,  and  a  wedge o f  s e m i - a n g le  a b o u t  3 0 ^ .
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He f i n d s  f o r  t h e  wedge t h a t  t h e  c r i t i c a l  w i d t h  i s  a b o u t  4 .5 
t im e s  t h e  w i d t h  o f  t h e  im p r e s s i o n  and  t h a t  M i s  2 .1 4  H below 
t h e  c o r n e r ,  where  H i s  t h e  d i s t a n c e  AB i n  f i g .  1 8 . He 
c o n c lu d e s  by p o i n t i n g  o u t  t h e  d i f f e r e n c e  be tw een  t h e  two and 
t h r e e  d im e n s io n a l  p rob lem s  and s t a t e s  t h a t  i n  g e n e r a l  t h e  
c r i t i c a l  d i s t a n c e s  w i l l  be s m a l l e r  i n  t h e  l a t t e r  c a s e  owing 
to  t h e  g r e a t e r  f re ed o m  o f  f lo w  a ro u n d  a t h r e e  d im e n s io n a l  
i n d e n t a t i o n .
Even th o u g h  th e  r e s e m b la n c e  between t h e  c o n d i t i o n s  
assumed by H i l l  and  t h o s e  which  a p p l y  i n  t h e  p r a c t i c a l  c a s e  
i s  s l i g h t ,  t h e  mode o f  d e f o r m a t i o n  i n  b o t h  c a s e s  i s  e s s e n t i a l l y  
t h e  same. T h i s  s i m i l a r i t y  i s  s t r i k i n g  i n  v iew o f  t h e  w o rk -  
h a r d e n i n g  p r o p e r t i e s  o f  t h e  sp ec im e n s ,  and  t h e  d i f f e r e n c e  
b e tw een  th e  c o n d i t i o n s  f o r  two and  t h r e e  d im e n s io n a l  p l a s t i c  
f l o w .  T h i s  shows t h a t  t h e  t h e o r e t i c a l  a n a l y s e s  o f  h a r d n e s s  
t e s t i n g  p ro b lem s  do g i v e  r e s u l t s  which  a r e  a p p l i c a b l e  to  
p r a c t i c a l  t e s t i n g ,  even th o u g h  th e  a s s u m p t io n s  i n v o l v e d  would 
be e x p e c t e d  t o  r e s t r i c t  t h e  a p p l i c a t i o n  c o n s i d e r a b l y .
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SUMMARY OF RESULTS.
The r e s u l t s  i n  t h e  l a s t  f i v e  c h a p t e r s  h a v e  a l l  b e e n  
d i s c u s s e d  i n  r e l a t i o n  t o  o t h e r  t h e o r e t i c a l  and p r a c t i c a l  work  
and i t  o n l y  r e m a in s  i n  t h i s  c h a p t e r  t o  l i n k  t h e  r e s u l t s  
t o g e t h e r  and  g i v e  an o v e r a l l  p i c t u r e  o f  t h e  f r e s h  i n f o r m a t i o n  
r e p o r t e d .  Four main p o i n t s  h a v e  been  c o v e r e d .  The s u r f a c e  
d i s t o r t i o n s  a cco m p a n y in g  a l l  s t a g e s  o f  b a l l  i n d e n t a t i o n  h a v e  
been  f u l l y  d e s c r i b e d ;  t h e  v a r i a t i o n  o f  f l o w  p a t t e r n  sh a p e  h a s  
b e e n  s t u d i e d  and t h e  t r a n s i t i o n  fro m  r i d g i n g  t o  s i n k i n g  
i l l u s t r a t e d ;  t h e  p r e s e n c e  o f  r e s i d u a l  s t r e s s e s  b e n e a th  t h e  
i n d e n t a t i o n s  h a s  b e e n  d i s c u s s e d ;  and t n e  mode o f  d e f o r m a t io n  
when an i n d e n t a t i o n  i s  made n e a r  t h e  sp e c im e n  edge  h a s  b een  
m e a s u r e d .  T h ese  r e s u l t s  a r e  a l l  o f  i n t e r e s t  i n  t h e  q u e s t  
f o r  a b e t t e r  u n d e r s t a n d in g  o f  t h e  h a r d n e s s  t e s t ,  and t h e  f i r s t  
t o p i c ,  w h ic h  i s  m e n t io n e d  i n  f o u r  o f  th e  c h a p t e r s  o f  r e s u l t s ,  
c a l l s  f o r  s p e c i a l  m e n t io n  h e r e .
The p r o c e s s  o f  b a l l  i n d e n t a t i o n  may c o n v e n i e n t l y  be s p l i t  
i n t o  f o u r  s e c t i o n s ,  n a m e ly ,  i n i t i a t i o n  o f  p l a s t i c  d e f o r m a t io n ,  
p a r t i a l  p l a s t i c i t y ,  c r i t i c a l  l o a d  and f u l l  p l a s t i c i t y .
The i n i t i a t i o n  o f  p l a s t i c  d e f o r m a t io n  i s  c h a r a c t e r i s e d  
by v e r y  s h a l l o w ,  h i g h l y  n o n - s p h e r i c a l  i n d e n t a t i o n s . They  
h a v e  no a s s o c i a t e d  f l o w  p a t t e r n  and from  t h e i r  sh ape  i t  w ou ld  
a p p ea r  t h a t  p l a s t i c  d e f o r m a t io n  d o e s  commence belo'w t h e
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c e n t r e  o f  t h e  i n d e n t a t i o n  and  n o t  a t  t h e  edge a s  h as  som etim es  
b ee n  s u p p o s e d .
The p a r t i a l  p l a s t i c  r a n g e  i s  c h a r a c t e r i s e d  by i n d e n t a t i o n s  
whose c e n t r e s  a r e  s p h e r i c a l  and o f  a  c o n s t a n t  r a d i u s  o f  
c u r v a t u r e ,  f o r  t h e  same m e t a l  and  i n d e n t e r  . The f lo w  
p a t t e r n s  a s s o c i a t e d  w i t h  t h e  i n d e n t a t i o n s  s p r e a d ,  r e l a t i v e  to  
t h e  i n d e n t a t i o n  d i a n i e t e r , w i t h  i n c r e a s e  i n  l o a d ,  and  t h e i r  
vo lum es i n c r e a s e  s lo w ly ,  th o u g h  th e y  r e m a in  c o n s i d e r a b l y  
s m a l l e r  th a n  t h o s e  o f  t h e  c o r r e s p o n d i n g  i n d e n t a t i o n s .
The c r i t i c a l  l o a d ,  w h ich  i s  ab o u t  200 t im e s  t h e  l o a d  f o r  
t h e  i n i t i a t i o n  o f  p l a s t i c  f lo w ,  can be d e f i n e d  i n  te rm s  o f  t h e  
i m p r e s s i o n  shape  w i t h  a p r e c i s i o n  wiiich was l a c k i n g  i n  i t s  
o r i g i n a l  d e f i n i t i o n  i n  te rm s  o f  mean i n d e n t a t i o n  p r e s s u r e  ( s e e  
s e c t i o n  2 .2 ) .  I t  i s  t h e  l o a d  a t  which  the  e x t e n t  o f  t h e  f lo w  
p a t t e r n ,  r e l a t i v e  to  t h e  i n d e n t a t i o n  d iam ie te r ,  i s  a  maximum.
A lso  a t  t h i s  l o a d  t h e  i n d e n t a t i o n s  become s p h e r i c a l  and b e g in  
to  obey  H e r t z ' s  law o f  e l a s t i c  r e c o v e r y .  I n  a c c o r d a n c e  w i t h  
c u r r e n t  o p i n i o n ,  i n  t h e  p r e s e n t  work th e  c r i t i c a l  l o a d  f o r  
f u l l  p l a s t i c i t y  h a s  b e e n  i d e n t i f i e d  w i t h  t h e  c r i t i c a l  l o a d  f o r  
t h e  v a l i d i t y  o f  M e y e r ' s  l a w .  I n  v iew o f  i t s  e f f e c t  on th e  
o t h e r  p r o p e r t i e s  m e n t io n e d  above ,  t h e  d i s t i n c t i o n  be tw een  f u l l  
and  p a r t i a l  p l a s t i c i t y  i s  se en  t o  be a  v e r y  r e a l  one a f f e c t i n g  
a l l  a s p e c t s  o f  t h e  h a r d n e s s  t e s t ,  and  n o t  o n l y  t h e  mean p r e s s u r e .  
Above th e  c r i t i c a l  l o a d  t h e  shape  o f  t h e  p r e s s u r e  d i s t r i b u t i o n  
i s  c o n s t a n t ,  a s  shown by t h e  c l o s e l y  s p h e r i c a l  r e c o v e r e d
V
1 2 8 .
i n d e n t a t i o n s , b u t  below i t  t h e  p r e s s u r e  d i s t r i b u t i o n  v a r i e s  
w i t h  t h e  l o a d .  Thus t h e  c r i t i o a l  l o a d  marks t h e  a t t a i n m e n t  
o f  a  c e r t a i n  shape by t n e  p r e s s u r e  d i s t r i b u t i o n  and t h i s  i s  
a c c o u n te d  f o r  by  t h e  o n s e t  o f  a  new ty p e  o f  d e f o r m a t i o n  
mechanism nam ely ,  f u l l y  p l a s t i c  d e f o r m a t i o n .
The r e g i o n  o f  f u l l  p l a s t i c i t y  i s  c h a r a c t e r i s e d  by 
s p h e r i c a l  i n d e n t a t i o n s  t h a t  obey H e r t z ' s  law o f  e l a s t i c  
r e c o v e r y .  The e x t e n t  o f  t h e  f lo w  p a t t e r n s  d e c r e a s e s  w i t h  
i n c r e a s e  o f  l o a d ,  and  t h e i r  volumes s lo w ly  a p p ro a c h  t h o s e  o f  
t h e  a s s o c i a t e d  i n d e n t a t i o n s .
B r i e f l y  su m m ar is in g ,  t n e  p r e s e n t  work h a s  v e r i f i e d ,  and 
somewhat e x t e n d e d ,  T a b o r ’s t h e o r y  o f  b a l l  i n d e n t a t i o n ;  i t  has  
shown t h a t  t h e  w o r k - h a r d e n in g  c a p a c i t y  o f  t h e  m e t a l , r a t h e r  
t n a n  t h e  shape  o f  t h e  i n d e n t e r ,  d e t e r m i n e s  t h e  f lo w  p a t t e r n  
sh a p e ;  and  h a s  shown t h a t  t h e  m ethod  o f  t r e a t i n g  th e  
i n d e n t a t i o n  p r o c e s s  a s  a  p rob lem  i n  p l a s t i c i t y  i s  s o u n d .
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